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Foreword 


EDWARD O. WILSON 


| AM PLEASED to take this opportunity to pay a double tribute. The first 
is to Bert Hélldobler, a great scientist whose contributions to the study of 
social insects, and especially the wonderfully paradigmatic ants, has been 
profound in both content and influence on other investigators. His observa- 
tions and experiments have proceeded magisterially from field to labora- 
tory to synthesis and theoretical reasoning. During the four decades of our 
friendship, he has greatly influenced my own life and work. 

The second tribute is to the distinguished international group of biolo- 
gists who in this volume chronicle the growth of insect sociobiology during 
the past half century. The authors of each chapter of Organization of 
Insect Societies: From Genome to Sociocomplexity are among the most 
productive researchers on the subjects they address. The overall picture 
they assemble is of a discipline that has grown exponentially in recent 
years, and at publication time shows no sign of slacking off. The book is 
thus at once a history, a dispatch from the research front, and a vision as 
accurate as can be made of future advances in the study of social insects. 

Having been an active researcher myself for over six decades (since I 
purchased William Morton Wheeler’s 1910 Ants: Their Structure, Devel- 
opment and Behavior as a teenager and began my first collection of ants), I 
can fairly say that I have been attentive to original scientific reports span- 
ning more than half and perhaps three quarters of all the knowledge of 
social insects existing today. As such, I hope it will not seem overly pre- 
sumptuous to offer three meta-generalizations about the status of the 


subject. 
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To begin, we have been blessed by the extraordinary observability of so- 
cial insects. Entomologists, unlike students of the social behavior of pri- 
mates and birds for example, do not as a rule have to sit for months or 
years in remote localities to acquire a large database. Colonies of ants, ter- 
mites, and bees of most species, when uprooted and taken to a laboratory 
and given simple artificial nests, quickly resume a normal repertory of so- 
cial behavior. The culture of honey bees, perfected since ancient times, 
requires only small adjustments to make these insects open to minute scien- 
tific observation. 

The sanguinity of social insects in captivity also makes it possible to ma- 
nipulate colonies easily for experiments on social organization. The worker 
population can be trimmed to reduce colony size, chosen to obtain partic- 
ular age-size distributions, deprived of a queen or brood or given new ones, 
and so forth. They can be induced repeatedly to emigrate from one nest 
site to another. There are few possible such combinations that have not 
been tried in one context or other. 

The second overarching advantage is the importance easily demon- 
strated of the study of social insects to general biology. A major theme of 
biology in the present century, perhaps the major theme, is the nature and 
evolutionary origin of the transitions across levels of organization. The 
most transparent of the transitions, greater than that, for example, from 
molecule to cell or species to ecosystem, is organism to superorganism, the 
level reached when societies are tightly bound by altruism and division of 
labor. One of the major advances of the past half century has been the 
demonstration, well illustrated in the present volume, of how the transi- 
tion is made through the emergence of colony-level traits. The process of 
emergence, driven by colony-level natural selection, can be described with 
some exactitude through studies of easily observed traits of the participant 
organisms. 

Finally, to achieve the many advances on colony organization reported 
in the present volume has required researchers to draw on almost all other 
branches of biology. It is now routine to bring in techniques and ideas from 
genomics and behavioral genomics to ecology and paleontology. The study 
of social insects has thereby become one of the most mature and inclusive 


of all biology’s many disciplines. 
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We 


Transitions in Social Evolution 


JÜRGEN GADAU . 


TRANSITIONS FROM SOLITARY to social living and between alternative 
social phenotypes did not happen just once or in the distant past, as did the 
transition from prokaryotes to eukaryotes. Such transitions continue to be 
observed today in facultative eusocial halictine bees that switch between 
a solitary and social lifestyle and in ant species with colonies headed by a 
single or multiple queens depending on the population studied. The wide- 
spread occurrence of such transitions raises the question of whether these 
transitions are major or minor. Social insects have two important advan- 
tages for someone interested in studying the mechanistic basis of evo- 
lutionary transitions from solitary to social living, or from one social 
phenotype to another. First, because these transitions can be studied in ex- 
tant species, detailed mechanistic analyses of the underlying genetic, phys- 
iological, or developmental changes responsible for these transitions are 
possible. Second, because there are many major and minor transitions that 
happen in phylogenetically independent groups, comparative studies en- 
able us to understand the selective forces shaping these transitions. 
Throughout his scientific career, Bert Hélldobler was interested in both 
proximate and ultimate questions concerning the evolution of sociality. Be- 
ginning with his PhD thesis and continuing throughout his career, Höll- 
dobler has explored the evolution of queen number and the evolutionary 
implications of multiple queen societies in ants. Ants are especially rich in 
the variation of the number and mode of reproduction, and are arguably 
the most successful social insect group in terms of species number, distri- 
bution, and ecological dominance. In ants we discover a dazzling amount of 
variation from the standard model of one, singly mated queen. Polygynous 
societies with multiple reproductive individuals can develop by starting 
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together as pleometrotic foundress associations or by adding additional 
queens later. Some ants, like Platythyrea punctata, have lost queens com- 
pletely and reproduction has been taken over by clonally reproducing work- 
ers through thelytoky. In the ponerine ant Diacamma, reproduction 
depends on the possession of intact gemmulae, structures that are thought 
to be homologous to wings. In many invasive ant species, queen number 
has become inflationary, with sometimes thousands of reproducing queens. 
These are just some of the extremes, and ants have realized almost all imag- 
inable variations. Hélldobler regarded the huge leaf cutter or army ant 
colonies as the final transition in social evolution to true superorganisms. In 
these species, with the degeneration of ovaries in workers, selection now 
predominantly acts on the level of a colony. 

The following chapters explore the proximate and ultimate mechanisms 
of minor and major transitions within all major social insect clades. One 
major theme of these chapters is the key requisite of knowledge of the 
phylogenetic relationships of the clades of social insects. Boomsma, Kron- 
auer, and Pedersen review our current knowledge about the evolution of 
mating frequency, and Heinze and Foitzik do the same for queen number. 
Both focus on transitions between different classes of mating frequencies 
or queen numbers per colony in order to understand the selective forces 
behind this transition. In Chapters 3 and 4, Rueppell and Cole deal with 
colony demography in bees and ants, respectively, and lay out the basic 
methods to study this important but so far neglected research area. Cole’s 
analysis makes especially clear that the selective unit shaping important 
life history parameters in ants is the colony rather than an individual queen 
or worker. Rueppell draws attention to the perplexing differences in the 
mean age between queens and workers that otherwise do not differ in 
their genotype, and summarizes our current knowledge about the mecha- 
nistic and evolutionary explanations. Brent and Korb both focus on ter- 
mites. Brent summarizes the current research on caste determination in 
termites and asks for more in-depth studies of basal termite lineages. Korb 
introduces an interesting interpretation of the factors that were important 
for the evolution of eusociality in termites, emphasizing ecological factors 
over kin selection. Finally, Wcislo and Tierney explain why communal be- 
havior should be considered an ultimate social phenotype equivalent to 
eusociality rather than an intermediate stage in the evolution of sociality. 


CHAPTER ONE 


w 


The Evolution of Social Insect 


Mating Systems 


JACOBUS J. BOOMSMA 
DANIEL J. C. KRONAUER 
JES S. PEDERSEN 


THIS BRIEF REVIEW is about the causes and consequences of mating 
systems in the eusocial Hymenoptera: ants, bees, and wasps. Forces of nat- 
ural and sexual selection have shaped mating behavior and genital mor- 
phology over evolutionary time within the constraints that specialization of 
the queen caste has allowed. Consequences are expressed in the genetic 
variation of queen offspring, which may significantly affect the way in 
which reproductive conflicts are expressed and regulated. Although early 
studies emphasized that both aspects are crucial, in the last quarter cen- 
tury there have been many consequential reconstructions of mating be- 
havior based on (mother-) offspring analysis with genetic markers, but 
relatively few studies on the actual causes of variation in social insect mat- 
ing systems. One reason for this emphasis is that Hamiltonian predictions 
developed in the 1960s and 1970s focused on the importance of related- 
ness and so the tools to estimate relatedness developed in a spectacular 
way. Other reasons are that aspects of sexual selection in eusocial Hy- 
menoptera are very hard to study in the field (and close to impossible in 
the laboratory), and that it seemed unlikely that sexual selection was very 
important overall, because male ornaments and sperm displacement 
devices are absent and male fighting rare. We begin this chapter with a re- 
view of the now extensive literature on genetic marker studies of queen 
mating frequency, emphasizing mostly recent developments, as this area 
has been thoroughly and repeatedly reviewed elsewhere. We then address 
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recent developments in the study of genitalia, sperm, accessory gland ma- 
terial, and sperm storage organs. These approaches have opened various 
windows for future sexual selection studies that may help to redress some 
of the imbalances in the evolutionary study of causes and consequences of 
social insect mating systems. In conclusion, we formulate three themes 
where future studies can be expected to be particularly fruitful. 


Background 


Multiple queen mating in eusocial Hymenoptera was considered a poten- 
tially serious problem for the evolution and maintenance of worker help- 
ing behavior by kin selection, but only when it appeared that it evolved 
before the irreversible establishment of sterile worker castes (Hamilton 
1964; Starr 1979; Trivers and Hare 1976; Wilson 1971). This notion in- 
spired a series of early reviews of the sociobiology of mating systems in 
ants, bees, and wasps (Page and Metcalf 1982; Cole 1983; Starr 1984; Höll- 
dobler and Bartz 1985), setting the standard for all subsequent work. 
While the first three of these studies addressed the possibility that multiple 
mating could be relatively common, the Hdélldobler and Bartz review 
focused primarily on the unique characteristics of social insect mating 
systems and established the following: (1) ant males hatch with a fixed 
amount of sperm, which imposes significant constraints on mating system 
evolution; (2) there are two major and fundamentally different mating 
syndromes (“female calling” and “male aggregation”), which tend to evolve 
under different conditions; and (3) in at least some species, both queens 
and males can mate multiply. 

How far the study of social insect mating systems has progressed since 
the 1980s becomes apparent by comparing the data and tools that were 
available then and now. Although they cite the pioneering studies by Crozier 
(1979, 1980), Pamilo and Varvio-Aho (1979), Pearson (1983), and Ward 
(1983) on the derivation and practical use of relatedness parameters, the 
Hölldobler and Bartz synthesis is essentially based on a clever combination 
of meticulous field observations and dissection studies. The first data 
tables presented in the other three reviews (Page and Metcalf 1982; Cole 
1983; Starr 1984) gave unprecedented insight into the variation of mating 
systems across taxa, but also exposed how much these records relied on 
occasional dissections and anecdotal field observations—the data available 
at that time had hardly ever been collected with the explicit purpose of 
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studying the evolution of social insect mating systems. As we write, two de- 
cades later, an entire generation of students has been educated with the 
necessity of studying the consequences of mating systems (i.e., the genetic 
structure of colonies, with DNA microsatellite markers) (Queller, Strass- 
man, and Hughes, 1993) and advanced statistical programs to estimate 
queen mating frequencies and relatedness among queen offspring (Good- 
night and Queller 1998, 1999; Moilanen, Sundström, and Pedersen 2004; 
Wang 2004). The accumulation of genetic marker studies on social insect 
mating systems reflects the substantial growth of this field (Figure 1.1). 
More detailed reviews on social insect mating systems that capitalized 
on further conceptual and technical developments saw the light in the mid- 
1990s (Boomsma and Ratnieks 1996; Bourke and Franks 1995; Crozier 
and Pamilo 1996; Schmid-Hempel 1998). A now larger but still very lim- 
ited comparative data set of genetic marker studies allowed Boomsma and 
Ratnieks (1996) to infer that obligate multiple mating of queens was likely 
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Figure 1.1. The cumulative number of genetic marker studies on 
Hymenopteran queen mating frequencies (N= 132) included in our online 
appendix as of 6 January 2007. Studies before 1982 are combined. 
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to be an evolutionary derived trait, so that multiple mating was unlikely to 
have been a constraint for the early evolution of eusociality. A more recent 
review by Strassmann (2001) even emphasized that multiple mating is sur- 
prisingly rare and evaluated why this might be the case. In a contempora- 
neous review, Crozier and Fjerdingstad (2001) concluded that although 
many more reliable data on social insect mating systems had become avail- 
able by the end of the 1990s, scientists were not much closer to an inte- 
grated understanding of the various selection forces that affect social 
insect mating systems. In fact, these authors argued that there may not be 
a single, prominent explanation for facultative or obligate multiple mating 
across the different taxa of ants, bees, and wasps. 

In our present review we do not aim to repeat all the conceptual ad- 
vances that were established earlier, but to take a tangential view at the 
present state of the field. We focus on four particular aspects: (1) the re- 
cent explosion of high quality data based on DNA microsatellite analysis 
and the development of software to analyse these data; (2) a novel ap- 
praisal of some of the leading hypotheses based on these recent develop- 
ments; (3) the recent discovery of mating plugs and sperm-length variation 
and the new light that this sheds on the likelihood for facultative and obli- 
gate multiple mating to evolve; and (4) the identification of some new 
questions that need to be addressed. We also introduce a new web-based 
tool that will, we hope, facilitate the future study of social insect mating 
systems; that is, a complete phylogenetically organized database of all 
genetic marker studies currently available, subject to regular updating 
when new material appears in print (see below). 


The Increase in Genetic Marker Studies and Analytic Tools 


Our data set contains estimates of queen mating frequency in 173 species 
of ants (N=89), social bees (N=57), and social wasps (N=27) and covers a 
total of 64 genera. The data include (mostly older) allozyme studies, a lim- 
ited number of dominant marker studies, and (more recent) studies using 
highly variable co-dominant microsatellite loci. As the size of this table 
surpasses the space available in this chapter, we have chosen to present the 
comparative data set as an online appendix, and to present a summary 
here. Our table includes data on typical colony queen number (m=exclu- 
sive monogyny; m— p= facultative polygyny; p =obligate polygyny), typical 


mature colony size (median of mature colony worker population expressed 
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as power of 10), mode of colony founding (i =independent founding; 
p= dependent founding by single or multiple queens, including social par- 
asites; b=colony budding where workers accompany queens in polygy- 
nous species; f= colony fission where workers accompany a single queen in 
monogynous species), the number of single-mother broods or spermathe- 
cae analyzed in studies of queen mating frequency (N), the mating system 
category according to Boomsma and Ratnieks (1996, after merging their 
two intermediate categories): s=singly mated, s—m-=facultatively multi- 
ply mated [usually > 50% singly mated with a variable minority of queens 
mated to 2-5 males], m= obligately multiply mated [almost always 2 2 and 
often 25 matings per queen]), and the methods that were used to estimate 
the mean observed number of matings (kp) and the mean effective num- 
ber of matings (m,). The latter estimates are based on one of three types of 
pedigree analyses, using respective estimators of Starr (1984), ps; Pamilo 
(1993), pp; and Nielsen, Tarpy, and Reeve (2003), pn, or on relatedness es- 
timates, using codominant (rc) or dominant (rd) markers. In some cases 
paternity estimates were maximum estimates assuming that multiple mat- 
ing would be detected in the next group or colony sampled (e.g., Boomsma 
and Ratnieks 1996), or on an estimated upper 95% confidence limit of a bi- 
nomial distribution (e.g., Villesen et al. 2002). 

In Figure 1.2, we present a summary of our online data set as a single 
figure, organized according to the presently known phylogenetic rela- 
tionships. A number of previously identified trends (Boomsma and Rat- 
nieks 1996) seem to hold up in this much larger data set, but a number of 
novel insights have also emerged. (1) When multiple species of the same 
genus were analyzed, they almost always fell in the same mating category 
(i.e., exclusively singly mated, facultatively multiply mated, or exclusively 
multiply mated). This confirms that the three mating system categories are 
a reasonable overall classification and that genera across the ants, bees, 
and wasps tend to belong to only one of these mating system categories. 
(2) The inference that obligate multiple mating of queens is characteristic 
for many taxa with large colony size has been further corroborated. Ex- 
amples now include the Apis honey bees, the Atta and Acromyrmex leaf- 
cutter ants, at least some of the Vespula wasps (for references, see earlier 
reviews cited above), as well as all investigated North American Pogono- 
myrmex harvester ants (Cole and Wiernasz 2000; Gadau et al. 2003; Helms 
Cahan et al. 2002; Rheindt et al. 2004; Volny and Gordon 2002; Wiernasz, 
Perroni, and Cole 2004) and Eciton, Neivamyrmex, Aenictus, and Dorylus 
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army ants (Denny et al. 2004, Kronauer et al. 2004; Kronauer, Johnson, and 
Boomsma 2007). However, obligate multiple mating also occurs in at least 
single species of the ant genera Cataglyphis (Pearcy et al. 2004) and Cardio- 
condyla (Lenoir et al. 2007), which have rather small colonies, suggesting 
that additional factors may also play a role. The unique intranidal mating 
system of Cardiocondyla ants may be one such factor (Heinze and Höll- 
dobler 1993; reviewed in Boomsma, Baer, and Heinze 2005). The same com- 
parison also reinforces the notion that, without exception so far, obligate 
multiple mating is associated with monogyny (Table 1.1). Direct evidence for 
this was recently obtained from a derived polygynous army ant that had re- 
verted to low queen-mating frequencies (Kronauer and Boomsma 2007b) 
and from a polygynous social parasite of Acromyrmex leaf-cutting ants that 
made a similar shift in mating system (sumner et al. 2004). (3) Rapid reversal 
from obligate multiple mating to almost exclusively single mating is appar- 
ently possible in evolutionary young inquiline social parasites. This has now 
been demonstrated for a host-parasite sister species pair of Acromyrmex 
leafcutter ants and has been predicted to also apply to inquilines in other 
polyandrous clades (Sumner et al. 2004). (4) A number of new genera with 
facultative multiple mating have been identified: Cardiocondyla (Schrempf 
et al. 2005), Crematogaster (Heinze et al. 2000), Gnamptogenys (Giraud et al. 
2000), Lasioglossum (Paxton et al. 2002), Myrmecocystus (Kronauer, 
Gadau, and Hdélldobler 2003), Nothomyrmecia (Sanetra and Crozier 2001), 
Pachycondyla (Kellner et al. 2007), Plagiolepis (Trontti et al. 2006), Pro- 
formica (Fernéndez-Escudero, Pamilo, and Seppä 2002), and Vespa (Foster 


Figure 1.2. A simplified composite phylogeny for the genera of social 
Hymenoptera listed in the online appendix. The phylogeny is based on the same 
sources as in Hammond and Keller (2004), supplemented with recent or more 
detailed studies on Meliponini (Costa et al. 2003), Formicidae (Brady et al. 2006; 
Moreau et al. 2006), army ants and relatives (Brady 2003), Formicoxenini (Beibl 
et al. 2005), Attini (Villesen et al. 2002), and Vespinae (Wenseleers et al. 2005). 
There are two columns with small pie diagrams on the mating system class (M) 
and the number of queens per colony (Q). For the M-column, the pies show the 
proportion of species being obligately singly mated (white), facultatively multiply 
mated (grey), and obligately multiply mated (black). The pies in the Q-column 
have similar meaning: obligately monogynous (white), facultatively polygynous 
(grey), and obligately polygynous (black). The third column (W) indicates the 
median mature colony size (worker number) with a dot for each power of 10. The 
number in brackets behind each genus name is the number of species studied. 
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Table 1.1. A summary of studies demonstrating obligate effective multiple 


mating in recently studied ants 


Colony 
Species Ree m, size Reference 
Aenictus laeviceps 17.8 18.8 5 Kronauer et al. (2007) 
Dorylus molestus 17.8 15.9 6 Kronauer et al. (2004); 
Kronauer et al. (2006) 
Eciton burchellii 12.9 12.9 5 Kronauer et al. (2006) 
Neivamyrmex nigrescens 14.9 12.8 5 Kronauer et al. (2007) 
Pogonomyrmex badius 11.0 6.7 3 Rheindt et al. (2004) 
Pogonomyrmex barbatus — 3.1; 4 Helms Cahan et al. (2002); 
3.3 Volny and Gordon 
(2002) 
Pogonomyrmex rugosus 6.0 4.7 3-4 Gadau et al. (2003) 
Cardiocondyla elegans 4.5 4.4 9 Lenoir et al. (2007) 
Cataglyphis cursor 5.6 = 3 Pearcy et al. (2004) 


Notes: This table includes studies that could not be included in Strassmann 2001. 

All these species are exclusively monogynous. Only studies with several colonies per species are 
included. The observed (k,,,) and effective (m,) queen mating frequencies are given together with 
median mature colony sizes (worker power as power of 10) and references (see online appendix for 


more detailed information). 


et al. 1999; Takahashi, Akimoto, et al. 2004, Takahashi, Nakamura et al. 2004), 
although data are too sparse to exclude as yet that some of these may belong 
to the obligate multiple mating class. Overall, facultative multiple mating is 
about equally frequent in exclusively monogynous, facultatively polygynous, 
and obligatory polygynous species. This underlines that facultative multiple 
mating is not just a precursor of obligate multiple mating, but most likely a 
fundamentally different mating system that is maintained by another combi- 
nation of selection forces than obligate multiple mating (see also Boomsma 
and Ratnieks 1996). 

The comparative data of our online appendix obviously await formal analy- 
sis with independent contrasts methods (Purvis and Rambault 1995), but 
this is premature as accurate molecular phylogenies are still lacking for 
most groups. At some point in the not too distant future, such analysis will 
allow the different relevant predictor variables for multiple queen mating 
to be entered in a single or very few multiple regression analyses. The com- 
pilation of our large database and the heterogeneities in the source papers 
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that we encountered clearly suggest that the field would benefit from fur- 
ther standardization of analyses and presentation of results. While the now 
ample availability of DNA microsatellite markers has enormously increased 
the power of paternity analyses, results have also become more easily af- 
fected by occasional null or dropout alleles, mutations, reading errors in 
laboratories, copy paste errors during data handling, the occasional off- 
spring from a second nest queen, or a few unrelated individuals that joined 
a colony. Some of these errors can lead to serious overestimates of both the 
mean absolute number of matings (k p) and the mean effective number of 
matings (m,). In addition, methods for the estimation of standard errors 
and 95% confidence limits have recently become available, facilitating the 
statistical comparison of mating systems across species or populations. The 
software program MATESOFT (Moilanen, Sundstrém, and Pedersen 2004) 
combines the most advanced algorithms for estimating mating system pa- 
rameters and also offers a series of error checks that significantly reduce the 
risk of spurious overestimations of paternity. A recent example of the po- 
tential of this program for unravelling complex data sets consisting of a 
mother and daughter queen each mated to >10 unrelated males is given in 
Kronauer et al. (2004). The program COLONY (Wang 2004) uses a likeli- 
hood method to infer full-sib and half-sib families from genetic marker data 
and identifies genotyping errors (Kronauer and Boomsma 2007a). 


Progress in Understanding Mating System Evolution 


Males and queens are committed to each other for life in all advanced so- 
cial insects, as queens do not remate later in life and males share paternity 
when inseminating the same female (Boomsma, Baer, and Heinze 2005; 
Kronauer and Boomsma 2007). Nonetheless, mating with multiple males 
has generally been assumed to be costly for queens, so that clear compensat- 
ing fitness benefits have been hypothesized to exist. Recent studies (Crozier 
and Fjerdingstad 2001; Sumner et al. 2004) have narrowed a large variety 
of possible working hypotheses for these benefits down to the following: 
more stored sperm; lower costs due to reproductive conflict over sex allo- 
cation; reduced load due to diploid male production; and enhanced colony 
performance owing to higher genetic diversity, either by genetic poly- 
ethism or by improved resistance to diseases. 

Studies of the past few years have indicated that the first hypothesis 
may well be conceptually problematic because it does not take into account 


12 Transitions in Social Evolution 


that sperm length (and thus sperm mass) is highly variable, both within and 
between species of the same clade (Baer 2003; Baer, Nash and Boomsma 
2008), and that storing more sperm from a single male could also be achieved 
by reducing sperm length (Baer, Nash, and Boomsma 2008; Boomsma, Baer, 
and Heinze 2005). The second hypothesis cannot generally apply because 
it requires that worker-controlled relatedness-induced split sex ratios give 
queens that mate with (n+1) males a direct fitness benefit compared to 
queens that mate with (n) males (Ratnieks and Boomsma 1997). This 
seems to work very well in some Formica ants (Sundström and Ratnieks 
1998), but apparently does not apply in Lasius ants (Fjerdingstad, Gertsch, 
and Keller, 2002). In addition, this hypothesis is unlikely to apply in taxa 
with obligate multiple mating as variation in relatedness asymmetry across 
colonies becomes very low when all queens mate with many males 
(Boomsma and Ratnieks 1996; Ratnieks and Boomsma 1997). 

The third (diploid male load) hypothesis assumes that there is limited 
genetic variation for the complementary sex determination (CSD) locus 
(Crozier and Page 1985; Crozier and Pamilo 1996; Pamilo et al. 1994), so 
that a certain proportion of matched matings is unavoidable, resulting in 
diploid offspring that were intended to become female workers but de- 
velop a sterile male phenotype instead. Under single mating, all queens 
mated to an unmatched male will have no fitness load at all, while a minor- 
ity of queens will have 50% of their worker brood failing so that their 
colonies inevitably die. In contrast, obligate multiple mating implies that 
many colonies may have a single matched mating, but that the fitness load 
remains limited because the majority of unmatched fathers will sire normal 
brood. This hypothesis, which is theoretically well documented (reviewed 
in Crozier and Pamilo 1996), predicts that multiple mating will be favored 
when the fitness price of diploid males is primarily paid when colonies have 
reached their final size, whereas single mating is favored when fitness load 
reduces early colony growth. The diploid male load hypothesis is, therefore, 
a rather peculiar “genetic diversity” hypothesis (Crozier and Fjerdingstad 
2001), because diversity among workers owing to multiple paternity does 
not have a consistently positive effect (as in the final hypotheses discussed 
below), but instead a fitness effect that depends on idiosyncratic details of 
the biology (Ratnieks 1990). 

The diploid male hypothesis has been difficult to test because diploid 
males may be recognized by workers and removed before they become 
adult, while still imposing a fitness cost of unknown magnitude. However, 
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Tarpy and Page (2001, 2002) recently showed that the genetic load from 
diploid males can indeed have a significant effect in the honey bee, consis- 
tent with theory. Furthermore, based on a study of multiple mating in army 
ants, Kronauer, Johnson, and Boomsma (2007) argued that diploid male 
load may be particularly important in social insects that multiply by colony 
fission, because the large investment (accompanying workers in a swarm) in 
a single daughter colony needs to be made before the new queen mates, 
This hypothesis would predict that in-depth studies of fitness load due to 
diploid male brood might be particularly likely to give significant effects in 
polyandrous species that multiply by colony fission in addition to suffering 
from genetic erosion because of small effective population sizes (Crozier 
and Pamilo 1996). 

Over recent years, new evidence has accumulated in support of the gene- 
tic diversity hypotheses. The standard version of this idea (coined “genetic 
polyethism” by Crozier and Fjerdingstad [2001]; Oldroyd and Fewell 2007) 
has met with recent support in honey bee (Tarpy 2003; Jones et al. 2004; 
Mattila and Seeley 2007) and harvester ant (Cole and Wiernasz 1999) re- 
search. In addition, the special version—that genetic diversity enhances 
resistance against disease (Hamilton 1987; Sherman, Seeley and Reeve 
1988)—has been supported by recent evidence in leaf-cutting ants (Hughes 
and Boomsma 2004, 2006) and honey bees (Palmer and Oldroyd 2003; Tarpy 
and Seeley 2006; Seeley and Tarpy 2007) and by a comparative study 
(Brown and Schmid-Hempel 2003). However, it has also become clear that 
model study systems of ants, bees, and wasps might not be as comparable as 
they were previously assumed to be. For example, a recent review 
(Boomsma, Schmid-Hempel, and Hughes 2005) provided comparative evi- 
dence that disease pressure in annual and perennial social insects may be 
fundamentally different. 

The overall picture seems to reinforce the conclusion by Crozier and 
Fjerdingstad (2001) that we are unlikely to find a single major selection 
force favoring multiple queen mating that is almost universally valid. Sev- 
eral factors may play a role in most of the clades where multiple mating 
evolved and some of them may have been important for the origin of mul- 
tiple mating or for its later maintenance, but possibly not for both. The 
single overall trend that remains robust is that obligate multiple mating is 
typically found in large-colony genera with monogynous queens across 
ants, bees, and wasps (Boomsma and Ratnieks 1996; Cole 1983). Also, the 
newly discovered cases of obligate multiple mating in Cataglyphis and 
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Cardiocondyla ants concern monogynous species, although these species 
do not have particularly large colonies (Table 1.1). New insights that have 
the potential to apply more generally are, first, that colony fission may be a 
major general factor promoting multiple queen mating (e.g., in combina- 
tion with diploid male load), because multiple mating ensures that the risk 
of failure is minimized for each of the single or very few extremely 
valuable daughter queens that honey bees, army ants, and any other such 
system produce (Kronauer, Johnson, and Boomsma 2007). Second, the re- 
versal from obligate multiple mating in Acromyrmex inquiline social para- 
sites (Sumner Hughes, Pedersen and Boomsma 2004) is predicted to apply 
to other inquilines that have evolved in clades with obligate multiple mat- 
ing, because genetic diversity advantages of costly multiple mating do not 
apply in social parasites. This result further suggests that mating systems 
may change rapidly after dramatic life history changes between sister 
species and faster than many morphological traits. A recent confirmation 
of this notion was obtained by Kronauer and Boomsma (2007b), who 
showed that the only known polygynous army ant has reverted to faculta- 
tive multiple mating from obligate multiply mating monogynous ancestors. 


Mating Plugs and 
Multiple Mating by Males 


A surprising finding of the last few years has been the discovery of mating 
plugs in bumblebees (Baer, Morgan, and Schmid-Hempel 2001), fire ants 
(Mikheyev 2003), queenless Dinoponera ants (Monnin and Peeters 1998), 
and (most likely) attine ants (Baer and Boomsma 2004), adding to a similar 
previous observation for stingless bees (Kerr et al. 1962). All these records 
concern social insects with obligatory single mating of queens or gamer- 
gates and in the bumblebee case it has been experimentally demonstrated 
that the plugs are effective in preventing additional matings (Baer, Mor- 
gan, and Schmid-Hempel 2001). Prior to these recent findings, mating 
plugs were hardly considered in social insects, perhaps because they had 
been shown to serve another function in the honey bee (Woyciechowski, 
Kabat and Krol 1994). However, it is now clear that the occurrence of mat- 
ing plugs must be considered as a primary hypothesis to explain that the 
majority of eusocial insects have maintained exclusively singly mated 
queens (Figure 1.2; see also Strassmann 2001). Should future studies show 
that mating plugs are indeed common, this would imply that the mating 
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systems of the eusocial Hymenoptera are much more male-controlled than 
we have so far acknowledged (Boomsma, Baer, and Heinze 2005). If that is 
the case, then the next set of questions need to address how mating plug 
functions were modified in the various clades where facultative and obli- 
gate multiple mating evolved. 

There is now fairly solid evidence that males of Atta and Acromyrmex 
leaf-cutting ants can mate multiply (Baer and Boomsma 2004). The direct 
evidence in these cases comes from dissections of mature males where the 
accessory testes have a constriction that separates the first ejaculate from 
the remaining sperm to be used in later ejaculates. Adding this evidence to 
earlier data on multiply mating males in Pogonomyrmex harvester ants 
(Hölldobler 1976; Wiernasz et al. 2001), Myrmica ants (Woyciechowski 
1990), and Formica ants (Fortelius 1994), it seems clear that obligate single 
mating by males may well be restricted to the eusocial Hymenoptera with 
either high degrees of sexual dimorphism (with males being much smaller 
than queens) or reproduction by colony fission and extremely male-biased 
sex ratios (e.g., honey bees and army ants; Boomsma, Baer, and Heinze 
2005). 


Sperm Variation and Sperm Storage Costs 


A recent study in the bumblebee Bombus terrestris has shown that sperm 
length has a significantly heritable component (Baer, De Jong, et al. 2006). 
Whether this heritability has any adaptive significance remains to be seen 
as B. terrestris normally has obligate single mating of queens. However, 
sperm in B. hypnorum, where facultative multiple mating of queens occurs, 
is significantly longer than sperm of B. terrestris, which could indicate that 
sperm competition in the bursa copulatrix has selected for longer sperm 
that are more efficient in reaching the queen spermatheca (Baer et al. 
2003). This would be at least partly consistent with a heuristic model for 
sperm length evolution presented by Boomsma, Baer, and Heinze (2005), a 
though recent evidence on sperm length across the in attine fungus-growing 
ants indicates that sexual dimorphism is a more direct overall predictor of 
sperm length across genera (Baer et al. 2008). 

Artificial insemination of bumblebees that normally have single mating 
queens results in a significant reduction of colony fitness when sperm and 
semen from multiple males are mixed (Baer and Schmid-Hempel 2001); 
however, there is no evidence for any such effects in honey bees, where 
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queens always mate with many males. If anything the effect is opposite, as 
colonies with a high genetic diversity among workers tend to do better 
(Tarpy 2003; Tarpy and seeley 2006). A recent field study on incipient 
colonies of Atta leaf-cutting ants showed that there are significant immu- 
nity costs for storing more than average numbers of sperm, and that the 
immune defense of newly inseminated queens was further negatively af- 
fected by the number of fathers that contributed to the insemination (Baer, 
Armitage, and Boomsma 2006). These results suggest that some forms of 
antagonistic co-evolutionary arms races between mating partners may 
occur in eusocial Hymenoptera, as they do in other insects (Chapman et 
al. 2003). However, the evolution of sexually antagonistic traits is con- 
strained and the effects of such sexual conflicts are predicted to be rela- 
tively weak in perennial species such as Atta leaf-cutting ants and at best 
moderately strong in annual societies such as bumblebees (Baer and 
Boomsma 2004; Boomsma, Baer, and Heinze 2005). Even in annual bum- 
blebee societies the sexual brood is preceded by several sterile worker 
broods (Duchateau, Velthuis, and Boomsma 2004), which implies that se- 
lection for male traits in the sperm or seminal fluid that harm the queen 
must necessarily be weaker than, for example, in Drosophila or other 
promiscuous nonsocial insects (Baer and Boomsma 2004; Boomsma, Baer, 
and Heinze 2005). 


Conclusion: Where to Go from Here 


The evolutionary study of social insect mating systems has realized signif- 
icant advances since the pioneering insights by the first researchers (Page 
and Metcalf 1982; Cole 1983; Starr 1984; Hélldobler and Bartz 1985) who 
organized the overall concepts and data. The data on mating frequencies 
currently available (Figure 1.2; online appendix) are more substantial than 
comparable data sets for any other insect family (Simmons 2001). How- 
ever, our understanding of the evolutionary dynamics of social insect mat- 
ing has been constrained by the difficulty of doing large-scale laboratory 
experiments. In addition, the forces of sexual selection that operate in so- 
cial insects are rather different from those in nonsocial insects, so that 
most conceptual advances have been achieved independent of the main- 
stream studies in sexual selection (Boomsma, Baer, and Heinze 2005). 

It is important to realize that the somewhat idiosyncratic nature of social 
insect mating systems not only imposes constraints, but also provides 


The Evolution of Social Insect Mating Systems 17 


opportunities for innovative studies that cannot easily be pursued in other 
groups of insects. Based on the topics reviewed here, we identified the fol- 
lowing three areas as being particularly promising for research efforts in 
the coming years: (1) As genus and subfamily phylogenies become increas- 
ingly available, reconstructing the evolutionary transitions among the 
three classes of mating systems (Figure 1.1) will become more feasible. 
Ultimately, it will be these transitions that will be most informative for in- 
ferring the costs and benefits of mating systems in an overall phylogenetic 
analysis using independent contrasts (as, for example, implemented in 
CAIC; Purvis and Rambaut 1995). Such solid, albeit indirect, evidence will 
continue to be important because direct measurements of life-time costs 
and benefits will remain very difficult. (2) Studies should concentrate more 
on the spectacular aspects of social insect mating systems and try to devise 
experimental techniques to study them. For example, queens of many ants 
store sperm for many years and manage to keep it viable (Tschinkel 1987), 
while other ant species (e.g., Cardiocondyla) have evolved intranidal mating 
systems that are functionally reminiscent to those of nonsocial insects and 
vertebrates where males monopolize groups of females (Boomsma, Baer, 
and Heinze 2005; Heinze and Hölldobler 1993). Furthermore, research 
into the multitude of unknown chemical compounds in mating plugs 
(Baer, Morgan, and Schmid-Hempel 2001) and seminal fluids that may 
manipulate sexual behavior would be beneficial. (3) More studies are 
needed on the variation in mating system parameters both within and 
across populations of the same species and on their environmental and 
morphological correlates. The average number of references per species 
studied in our online appendix table is at present only 1.2 and almost no 
record has more than five independent studies supporting it. A more thor- 
ough appreciation of the natural population-wide variation in mating sys- 
tem traits will be essential to prioritize hypothesis-testing in the few 
species of social insects that are amenable for experimental work on mat- 
ing system evolution. 
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Links 


Appendix: http://sols.asu.edu/publications/pdf/chapter1.pdf. Table of 132 genetic 
marker studies on hymenopteran queen-mating frequencies including references. 

MateBase: http://www.bio.ku.dk/matebase.htm. An online database holding 
the same information as the Appendix but being kept updated by the authors. 
We encourage colleagues to let us know about new studies to be included. 
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The Evolution of Queen Numbers in Ants: 


From One to Many and Back 


JÜRGEN HEINZE 
SUSANNE FOITZIK 


ONE OF THE MOST CENTRAL features of Hymenopteran societies is the 
number of reproductive queens in mature colonies (Buschinger 1968a; 
Hölldobler and Wilson 1977; Keller 1993). Whether a colony contains one 
or multiple queens is of fundamental importance for its genetic structure 
and thus strongly affects the fitness interests of workers concerning, for ex- 
ample, the origin of males, investment in colony maintenance versus repro- 
duction, and sex allocation (Bourke and Franks 1995; Crozier and Pamilo 
1996). Though much of the earlier reasoning on social evolution in Hy- 
menoptera was based on the assumption that their societies typically have a 
single, once-mated reproductive female, the coexistence of multiple fertile 
queens is widespread in particular among the ants, where about half of all 
species may have colonies with several reproducing queens or gamergates 
(mated workers). Well-known examples are invasive ant species such as the 
pharaoh’s ant (Monomorium pharaonis) and the Argentine ant Linepithema 
humile, many wood ants (Formica rufa group), and the red garden ants 
(Myrmica). Multiple-queening has convergently evolved numerous times 
in almost every ant subfamily, with the dorylomorph subfamilies (“army 
ants”) probably being the only clade in which colonies usually contain only 
a single reproductive queen (for exceptions see Rettenmeyer and Watkins 
1978; Buschinger, Peeters, and Crozier 1990). 

The transition from the assumedly ancestral single-queening (monog- 
yny) to multiple-queening (polygyny) has been compared with the evolu- 
tion of insect sociality from solitary species (Keller and Vargo 1993). As in 
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the early stages of the pathway toward obligatory group living, and as in 
the other major transitions in evolution (Maynard Smith and Szathmary 
1995), individual queens give up their autonomy to cooperate. In such an 
interaction conflict arises over the egoistic fitness interests of the cooperat- 
ing queens which forces them to achieve a compromise (e.g., Reeve and 
Ratnieks 1993). Numerous studies have focused on the ecological causes 
as well as the social and genetic consequences of variation in queen num- 
ber within and between ant species. 


The Ecology of Queen Number 


In principle, stable polygyny can arise through joint colony-founding by 
multiple queens (“primary polygyny”); the adoption of young, mated 
queens (normally those of their mothers) in established colonies (“second- 
ary polygyny”); and nest fusion. Of these three pathways, two appear to be 
extremely uncommon: cooperation among co-foundresses, in most cases, 
comes to an end once the first workers have eclosed and aggression be- 
tween them leads to secondary monogyny (Bartz and Hélldobler 1982; 
Rissing and Pollock 1988; Strassmann 1989; Heinze 1993a; Bernasconi 
and Strassmann 1999; but see Mintzer 1987; Rissing et al. 1989; Trunzer, 
Heinze, and Hölldobler 1998; Helms Cahan and Fewell 2004). Nest fusion 
is restricted primerily to unicolonial species (Passera 1994) or is also asso- 
ciated with subsequent queen elimination (Foitzik and Heinze 1998; 
Stritz, Strehl, and Heinze 2002). Thus, most cases of polygyny arise through 
queen adoption. 

In this chapter, we focus on secondary polygyny. Queen number in this 
situation is intricately linked to the dispersal and colony founding strate- 
gies of female sexuals (e.g., Rosengren and Pamilo 1983; Rosengren, 
Sundström, and Fortelius 1993; Keller 1991, 1995), which are reflected in 
their morphological and physiological adaptations. In obligatorily monogy- 
nous species, new colonies are—with few exceptions—founded indepen- 
dently by solitary queens following dispersal and mating flights. In contrast, 
queens in facultatively polygynous species usually mate in or near their 
maternal nests, and new colonies may be founded in a dependent way 
through the fragmentation or budding of established colonies with multi- 
ple queens. Because polygyny is often associated with the complete or par- 
tial loss of long-range dispersal, the easiest explanation for its occurrence is 
that its evolution is favored whenever dispersal and solitary founding are 
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exceptionally costly (Cole, this volume). Such conditions might include, 
among others, strong inter- and intraspecific competition, (e.g., for nest 
sites) and particularly cold and hot climates (Table 2.1). 

Ant colonies may become polygynous when habitats are saturated and 
empty nest sites are not available for solitary founding. Instead of attempt- 
ing independent nest foundation, young queens would then benefit from 
reproducing in the maternal nest. The few vacant nest sites, which may be- 
come available over time, are probably more easily located and defended 
by workers from the maternal nest than by individual queens, which would 
lead to polydomy and subsequent colony fragmentation. Evidence for the 
association between polygyny and habitat saturation comes from two 
sources. First, age of habitat patches in taiga forests was found to be corre- 
lated with queen number, perhaps because of variation in nest-site avail- 
ability and predation rates between different succession stages (Seppä, 


Table 2.1. Ecological conditions and morphological, behavioral, and life history 
traits of queens associated with monogyny or polygyny in ants 


Condition/trait Monogyny Polygyny 

Ecological conditions 
Climate Tropical—temperate Extremely dry, hot or cold 
Competition Low to intermediate Intermediate to high 
Population growth Zero to negative Positive 

Life history 
Reproductive potential High, late in life High, early in life 
Juvenile mortality Extremely high Low to intermediate 
Selection on longevity Extremely high Low 


Behavioral/morphological 
traits of queens 


Body size relative to workers Large Not as large 

Fat content High Low 

Dispersal capability High Low 

Relatedness to mate Low Low to high 

Parental care Shown during colony Never expressed 
founding phase 


Sources: Hoélldobler and Wilson 1990; Keller 1993; Heinze 1993b; Stille 1996; and others. 
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Sundstrém, and Punttila 1995). Second, experimental seeding of habitats 
with artificial nest sites reduced the mean queen number per nest in the 
facultatively polygynous Temnothorax longispinosus, presumably due to the 
fragmentation of polygynous colonies (Herbers 1986a; Foitzik et al. 2004). 

There is as yet only indirect evidence for a negative impact of cold and 
hot climate on founding success of solitary queens. An association between 
polygyny and latitude was indicated by a higher proportion of polygynous 
species in ant communities farther north compared to those in temperate 
or subtropical climates (Heinze 1993b; Heinze and Holldobler 1994). 
However, the ant fauna near the tree-line in both alpine and boreal habi- 
tats consists of the same few genera worldwide and data are therefore not 
phylogenetically independent. Facultative polygyny in the boreal Formica, 
Myrmica, and Leptothorax may have arisen independent of cold climate, 
possibly due to intense intraspecific competition. Hence, more informa- 
tion on the social structure of ant colonies from the tree-line in subantarc- 
tic areas are needed to test the hypothesis that cold temperatures are 
indeed associated with dependent colony founding and polygyny. Interest- 
ingly, young queens of the only obligatorily monogynous ant genus in the 
taiga-tundra ecotone, Camponotus, hibernate in the maternal nest before 
mating and found solitarily in early summer (Eidmann 1943). Like depen- 
dent founding, pre-mating hibernation in the maternal nest probably 
increases the likelihood of surviving the first winter and successfully estab- 
lishing a new colony. 

As endothermic animals it is easy for us to see why solitary hibernation 
might be more costly when winters are very long and harsh. Ants, how- 
ever, are ectothermic and spend deep winter in a state of supercooled in- 
activity (Berman and Zhigulskaya 1995). Workers of boreal Leptothorax 
species can survive temperatures of down to —40°C thanks to the accu- 
mulation of high concentrations of glycerol in their hemolymph (Leirikh 
1989). Nevertheless, workers survive hibernation less well in isolation than 
in groups, probably because they have a higher starvation risk. Leptotho- 
rax are active in the nest at temperatures around 0°C, which are too low 
for foraging, and during this time some well-nourished workers with full 
crops provide food to other workers that have fewer reserves. Such food 
exchange is clearly not possible in isolation (Heinze, Stahl, and Hélldobler 
1996). Starvation resistance might also explain why individuals of several 
insect species, including Leptothorax ants, grow to larger average body 
size at higher latitudes, an ecogeographic trend known as Bergmann’s rule 
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(Heinze et al. 2003). Furthermore, in T. longispinosus, queen number and 
survival rate of workers during winter were positively correlated (Herbers 
1986b). Although the causality of this association has not yet been investi- 
gated, it is possible that queens themselves have a positive influence on 
worker survival; one recent study documented that non-laying queens in 
colonies of L. gredleri can significantly boost colony productivity (Heinze 
and Oberstadt 2003). 

A similar reasoning as for cold climates may apply to deserts, semi- 
deserts, or steppes, where very hot and dry conditions make solitary 
colony founding exceedingly difficult. Young queens of desert ants, such as 
Myrmecocystus honeypot ants and Pogonomyrmex harvester ants, often 
found their nests after heavy rain falls, which facilitates the digging of deep 
nest holes. Additionally, queens of many species cooperate during found- 
ing, although cooperation in these species is mostly transient and mature 
colonies are typically monogynous. In several other species from xeric 
habitats the evidence for an association between hot climate and polygyny 
is based on the observation that queens lack functional wings and are erga- 
toid or intermorphic (Briese 1983; Bolton 1986; Tinaut and Heinze 1992; 
Tinaut and Ruano 1992). Long-range dispersal therefore is impossible, but 
this does not necessarily mean that queens will return into their maternal 
nest to become fertile and that colonies will become polygynous. For ex- 
ample, Cataglyphis cursor queens attract workers from their maternal 
nests and found new colonies by budding immediately after mating 
(Lenoir et al. 1988). The association between wing reduction in queens 
and polygyny has been demonstrated in only a number of species, such as 
Pogonomyrmex imberbiculus (Heinze, Hölldobler, and Cover 1992) or 
Monomorium spp. (Bolton 1986; Fersch, Buschinger, and Heinze 2000). 
Briese (1983) suggested that colonies of a certain Monomorium species 
produce wingless female reproductives in response to adverse climatic 
conditions and winged female sexuals when enough resources are avail- 
able, but at present the data are not sufficient to show convincingly that 
these phenomena are indeed adaptations to xeric environments. 

Finally, polygyny appears to be favored in disturbed habitats with in- 
creasing population sizes. As shown by Tsuji and Tsuji (1996), in such areas 
early reproduction increases individual fitness more than high productivity 
later in life. In this situation, queens are under strong selection to produce 
female and male sexual offspring during their first year of adult life. They 
can do so only by staying in their maternal nest and taking advantage of the 
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already existing worker force. Polygynous ants can therefore easily spread 
in man-made and disturbed habitats. Selection for early reproduction 
probably better explains why invasive ant species are polygynous (Höll- 
dobler and Wilson 1977; Passera 1994; Yamauchi and Ogata 1995) rather 
than the previously suggested higher risk of queen loss during frequent 
moving (Hdlldobler and Wilson 1977). 


Queen Adaptations to Polygyny 


The loss of dispersal and solitary founding and the transition to polygyny 
are associated with numerous social and genetic consequences, which 
have been discussed elsewhere in detail (e.g., Keller 1993), and are also re- 
flected in morphological specializations of queens (Table 2.1, Figure 2.1). 
Queens that found dependently are typically smaller than queens from re- 
lated, monogynous species (Stille 1996, Figure 2.1), and they also have a 
relatively lower fat content (Keller and Passera 1989). Many facultatively 
polygynous species are characterized by a pronounced queen polymor- 
phism, with large and well-endowed queens that presumably disperse and 
found solitarily, and smaller, often wing-reduced queens that found de- 
pendently (Buschinger and Heinze 1992; Heinze and Tsuji 1995; Rüppell 
and Heinze 1999). In such queen-polymorphic species, number and size 
of queens in a colony are often correlated, giving indirect evidence of pre- 
sumed alternative reproductive tactics. For example, dealate queens of 
Leptothorax sp. A from Quebec and New England (informally named 
“L. ergatogyneus,” Francoeur 2000) are typically found in monogynous 
nests, whereas wingless, intermorphic queens occur in polygynous nests 
(Heinze and Buschinger 1989). A similar association has been documented 
for various other species (Buschinger and Heinze 1992; Riippell and Heinze 
1999; Heinze and Keller 2000; Fersch et al. 2000; Buschinger and Schreiber 
2002; Foitzik et al. 2004). Cross-breeding studies and detailed heritability 
estimates suggest that variation in morphological traits associated with dis- 
persal, be it the presence of wings or wing length, have a genetic basis. 
Controlled laboratory crosses in Leptothorax sp. A and Myrmecina gramini- 
cola showed that female larvae, which are homozygous for a certain allele, 
can develop into a winged queen, whereas queen-destined larvae carrying 
the alternative allele invariably grow to intermorphic, wingless queens 
(Heinze and Buschinger 1989; Buschinger 2005). The proximate mecha- 
nisms underlying queen size polymorphism in Temnothorax rugatulus 
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Figure 2.1. Queens and workers of (A) Tetramorium caespitum (monogynous), 
(B) Temnothorax unifasciatus and (C) T. nylanderi (monogynous), (D) 
Leptothorax acervorum (facultatively polygynous), and (E) the slave-maker 
Harpagoxenus sublaevis (monogynous), demonstrating the larger queen-worker 
dimorphism in a few monogynous, nonparasitic species. 


appear to be more complex, but also involve genetic influences on queen 
morphology (Rüppell, Heinze, and Hélldobler 2001). 

In some species, such as the invasive ants Monomorium pharaonis, Linep- 
ithema humile, Lasius neglectus, and Wasmannia auropunctata, queens in- 
variably appear to be weak dispersers. They carry little fat reserves and are 
unable to establish a colony without worker assistance (Passera 1994; Hee et 
al. 2000). For example, queens of Cardiocondyla minutior never succeeded 
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in solitary founding and also failed when accompanied by three workers, but 
quickly managed to start new colonies when assisted by ten or more workers 
(Alexandra Schrempf, personal observation). Furthermore, female sexuals 
of many obligatorily polygynous species mate in the maternal nest or its im- 
mediate vicinity and pre-mating dispersal has been lost—at least in the fe- 
male sex. Consequently, matings often involve close relatives. Although 
genetic variability may be maintained through the adoption of alien males 
and high queen numbers with consequently low average relatedness among 
nestmates, in Linepithema humile the percentage of inbreeding is not signif- 
icantly lower than expected under the hypothesis of random mating, sug- 
gesting that sib-mating is not avoided (Keller and Fournier 2002). 

Finally, queens from obligatorily polygynous species are typically very 
short-lived compared to queens from monogynous species (Keller and 
Genoud 1997; Keller 1998). While queens of some monogynous ants are 
among the invertebrates with the longest life span (up to 25 years and 
more; Rueppell, this volume), those of L. humile or M. pharaonis live on 
average less than one year. As early reproduction counts more than lon- 
gevity when population size increases, the above-mentioned hypothesis by 
Tsuji and Tsuji (1996) nicely explains the reduced longevity of queens in 
polygynous species. 

Polygyny therefore appears to evolve toward a life history characterized 
by weak and nondispersing female sexuals that mate locally and indiscrim- 
inately, reproduce early in life, and die soon after laying eggs for a few 
months. Though exceptions certainly occur, for example in the genus 
Formica, and data are not available on all of these traits, it appears that 
obligatorily polygynous species with this suite of traits have evolved re- 
peatedly even in predominantly monogynous or at most weakly polygynous 
genera, as exemplified by Tetramorium rhenanum (=T. moravicum, 
Schlick-Steiner et al. 2005), Lasius sakagamii, and Lasius neglectus 
(Steiner et al. 2004). Detailed phylogenetic studies on other genera with 
both monogynous and polygynous taxa will presumably yield many more 
examples of obligatorily polygynous species being derived from monogy- 
nous and facultatively polygynous ancestors. 


Reversed Evolution: From Polygyny to Monogyny 


The characteristic adaptations of a polygynous queen—weak dispersal ca- 
pability, intranidal mating strategy, low body reserves, fast reproduction, 
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and short life span—may preclude a reversal to solitary founding. Thus 
polygyny can turn out to be an evolutionary dead end. However, just as 
reversals are possible in other major evolutionary transitions, as indicated 
by the phylogeny of the unicellular Myxozoa, which probably are not pro- 
tists but degenerate Cnidaria (Siddall et al. 1995), and the fact that social- 
ity has been lost repeatedly in bees (Wcislo and Danforth 1997), we suggest 
that under certain life histories reversed evolution toward monogyny is 
possible from facultative polygyny and possibly also from obligatory polyg- 
yny. There is evidence for such reversals in slave-making ants (Buschinger, 
Ehrhardt, and Winter 1980) and the nonparasitic genus Cardiocondyla; in 
both cases, phylogenetic analyses suggest that strict monogyny has evolved 
from ancestral facultative polygyny (Beibl et al. 2005; Heinze et al. 2005). 
Because of the very different life histories of social parasites and monogy- 
nous Cardiocondyla, we discuss these two groups separately. 


Queen Number in Social Parasites 


The myrmicine tribe Formicoxenini is a hot spot in the evolution of social 
parasites, with six or more independent origins of slavery alone (Beibl 
et al. 2005). While all monophyla of slave-makers (Chalepoxenus, Harpagox- 
enus, Myrmoxenus, Protomognathus, Temnothorax duloticus, and a sec- 
ond, as yet undescribed Temnothorax slave-maker from North America) 
are strictly monogynous (Alloway 1979; Buschinger 1966, 1968b; Herbers 
and Foitzik 2002; Stuart and Alloway 1983; Talbot 1957; Wesson 1939; 
Wilson 1975), with the exception of Myrmoxenus algeriana (Buschinger, 
Jessen, and Cagniant 1990), at least four of them (Harpagoxenus, Proto- 
mognathus, Temnothorax duloticus, Temnothorax sp.) parasitize faculta- 
tively polygynous Temnothorax or Leptothorax host species (Alloway et al. 
1982; Buschinger 1968a). Assuming that slave-makers indeed evolved 
from the clade of species serving them as slaves as suggested by Emery’s 
rule (Emery 1909; Bourke and Franks 1991; Buschinger 1990)—and this 
is highly likely at least for Temnothorax duloticus and T. sp. (Beibl et al. 
2005)—the evolution of slave-making must have been associated with a 
switch from ancestral facultative polygyny to derived, obligatory monog- 
yny. A similar situation appears to exist in the formicine genus Rossomyrmex, 
monogynous slave-makers of facultatively polygynous Proformica spp., 
though at present it is not absolutely clear whether Emery’s rule does 
apply in this case (Hasegawa, Tinaut, and Ruano 2002). The obligatory 
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myrmicine slave-makers Strongylognathus, Myrmoxenus, and Chalepoxenus 
are also monogynous, but predominantly exploit related monogynous slave 
species. 

The reversal to monogyny in the four formicoxenine clades might be 
caused by the relaxation or absence of those ecological constraints that 
supposedly forced the slave species to adopt daughter queens, such as nest 
site limitation (Herbers 1986a) and a high mortality of solitarily hibernat- 
ing queens (Heinze 1993b; Heinze et al. 1996). Queens of slave-making 
ants circumvent these constraints in that they never found solitarily but in- 
stead invade host nests. In addition, polygynous species often show low 
queen dispersal as colonies reproduce by budding, which could lead to the 
local overexploitation of a host population. Thus, polygyny in slave-making 
ants might be selected against due to the reduction of ecological con- 
straints in the founding phase and the risk of local extinction of the host. 

Parasitic founding does not require large body reserves but is neverthe- 
less a risky task leading to a high juvenile mortality of queens that might se- 
lect for large body size and a prolonged life span. Slave-maker queens have 
to single-handedly usurp a host colony, kill or expel the resident queen(s), 
and either drive away all adult host workers or become adopted by them. 
The queens of those slave-makers which engage in severe fighting with host 
workers, such as Harpagoxenus and Protomognathus, are large compared 
to host queens, whereas Myrmoxenus queens, which sneak into the host 
colony without much fighting, are often smaller than their host queens. On 
the one hand, there is evidence for strong selection on body size, depend- 
ing on parasitic founding strategy; on the other hand, data are insufficient to 
determine whether slave-maker queens indeed are more long-lived than 
queens of their host species. Both slave-maker and host queens have been 
kept for ten or more artificial, shortened breeding cycles in the laboratory 
(Buschinger 1974), but a systematic comparison of polygynous host and 
monogynous slave-maker species has never been conducted. 

In stark contrast to the situation in formicoxenine slave-makers, the fac- 
ultatively slave-making formicine species Formica sanguinea appears to be 
weakly polygynous (Pamilo 1981; Pamilo and Seppa 1994) and the same 
has been suggested for a few species of the obligatorily slave-making 
formicine genus Polyergus (Goodloe and Sanwald 1985). In contrast to the 
slave raids of Formicoxenini, which usually result in the extinction of the 
raided host colony (Foitzik and Herbers 2001; Fischer-Blass, Heinze, and 
Foitzik 2006), those of Formica and Polyergus are less destructive, and 
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polygynous slave-maker colonies probably are less prone to exhaust a local 
host population (but see Yasuno 1964). Furthermore, queens of these 
species have been observed to return into their maternal nests after mat- 
ing and to found new colonies either by usurping a slave colony directly 
during a slave raid (Mori and Le Moli 1998; Mori et al. 2001) or by bud- 
ding (Marlin 1968). Such a life history might eventually result in the co- 
occurrence of two reproductive queens in a single colony. 

An interesting pattern emerges in the inquilines, social parasites, which 
have lost their worker caste (Hélldobler and Wilson 1990). Inquiline queens 
either kill the slave queen and rapidly start reproducing or allow the host 
queen to stay alive and reproduce at a moderate pace. In the case of the 
queen-intolerant inquilines, monogyny is the most common social organi- 
zation. As in the formicoxenine slave-makers, obligate monogyny appears 
to have evolved from facultative polygyny at least in Leptothorax paraxenus, 
L. wilsoni, and L. goesswaldi (Buschinger 1990; Heinze 1995). Colonies of 
queen-intolerant parasites are doomed, as dying slave workers are not re- 
placed. Parasite queens are therefore expected to transform all resources 
available in the slave colony into their own sexual offspring as quickly 
and completely as possible (e.g., Heinze and Tsuji 1995; Bekkevold and 
Boomsma 2000). Toleration of other parasite queens or even the adoption 
of daughter queens into the declining slave colony should be selected 
against. The highly virulent queen-intolerant parasites are thus expected 
to be comparatively short-lived, albeit this has not been systematically 
studied. 

In queen-tolerant inquilines, natural selection may act in a different 
way: because the host queen stays alive and can replenish the stock of slave 
workers, parasite colonies survive much longer, in the case of large polygy- 
nous slave colonies, theoretically indefinitely. Instead of risking the take- 
over of a new host colony alone, queen-tolerant parasites can remain and 
reproduce in the maternal nest or spread by budding with the slave colony. 
The possibility of vertical transmission thus selects for polygyny in the in- 
quiline, and indeed, queen-tolerant inquilines are frequently polygynous, 
regardless of the queen number of their hosts (e.g., Kyidris yaleogyna, 
Leptothorax kutteri, Myrmecia inquilina, Myrmica hirsuta, Plagiolepis 
xene, Pogonomyrmex colei, Solenopsis daguerrei, Temnothorax minutissimus, 
Vollenhovia nipponica) (Buschinger and Linksvayer 2004; Calcaterra et al. 
2001; Douglas and Brown 1959; Elmes 1978; Johnson 1996; Kinomura 
and Yamauchi 1992; Wilson and Brown 1956). 
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Monogyny in Cardiocondyla 


The genus Cardiocondyla comprises more than 100 species of tiny ants 
predominantly from the Old World tropics. All studied tropical species 
are polygynous, and several are notorious tramp species and have become 
distributed around the world through human commerce (Passera 1994; 
Heinze et al. 2006). In contrast, a couple of species which live in desert 
and steppe habitats and other xeric environments in Eurasia appear to be 
monogynous. Indeed, for C. batesii from Southern Spain, C. elegans from 
France, and C. nigra from Cyprus, both population genetic and behav- 
ioral studies demonstrated strict monogyny (Schrempf, Reber, et al. 2005; 
Lenoir et al. 2007; Schrempf Alexandra pers. observation), and all exca- 
vated colonies of C. ulianini from Central Asia contained only a single fer- 
tile queen each (Marikovskii and Yakushkin 1974). A phylogeny based on 
mitochondrial DNA sequences indicates that these monogynous species, 
together with a number of other Eurasian species with unknown social 
structure, form a monophyletic group nested in a tree otherwise com- 
posed of polygynous taxa (Figure 2.2). The probability that monogyny was 
the ancestral state in Cardiocondyla is negligible based on the available 
genetic data, suggesting that monogyny evolved at least once from polyg- 
yny. In the following paragraphs we investigate which evolutionary path- 
way Cardiocondyla species used in their interesting reversal toward 
monogyny and which traits are important for adaptation to independent 
colony foundation. 

Cardiocondyla are famous for the occurrence of a peculiar male poly- 
morphism with dispersing, winged males and territorial, wingless males 
(“ergatoid males,” Kugler 1983; Stuart, Francoeur, and Loiselte 1987; 
Kinomura and Yamauchi 1987; Yamauchi and Kinomura 1993; Boomsma, 
Kronauer, and Pederson, this volume). Queens mate with winged and/or 
ergatoid males in the nest and either become fertile in the maternal 
colony, emigrate with workers, or perhaps join unrelated colonies. Solitary 
founding by queens appears unlikely at least in the tropical C. minutior 
and C. obscurior, and indeed only very few solitary queens have been 
found in the field (Heinze and Delabie 2005). 

Queens of monogynous C. batesii, C. nigra, and C. elegans mate and hi- 
bernate in the maternal nest and shed their wings before dispersing on 
foot (Heinze et al. 2002; Lenoir et al., 2007; Schrempf, Alexandra pers. ob- 
servation). Fertile queens are intolerant of each other and do not jointly 
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Figure 2.2. Majority rule consensus tree of Cardiocondyla ants from complete 
COI/COII and 16SrRNA sequences, based on 3,940 trees from a Bayesian 
analysis. The numbers give Bayesian probabilities. Thin lines indicate taxa that 
are monogynous. Lines in black are taxa that are (facultatively) polygynous. 
Dotted lines represent species of unknown queen number. A reconstruction 
of queen numbers at basal nodes of the phylogeny suggests that monogyny is 
derived and monogynous species evolved once or twice from polygynous 
ancestors (for details see Heinze et al. 2005). 
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start new colonies. As queen-worker dimorphism is only slightly more pro- 
nounced in monogynous than polygynous Cardiocondyla (Seifert 2003), 
foundresses of monogynous species cannot rely on histolysis of their body 
tissue to rear their first offspring. Instead, queens forage during the found- 
ing period. Such “semi-claustral founding,” though often considered a 
primitive trait, has recently been documented also in the more derived ant 
subfamilies (Brown 1999; Brown and Bonhoeffer 2002; Johnson 2002) and 
is probably more widespread, particularly in genera with small colony size 
and low caste dimorphism. Monogynous Cardiocondyla are characterized 
by a wing dimorphism in queens (Heinze et al. 2002; Seifert 2003; 
Schrempf and Heinze 2007). In contrast to the established or assumed as- 
sociations between queen polymorphism and alternative dispersal tactics 
in facultatively polygynous ants, both long-winged and short-winged Cardio- 
condyla queens found solitarily. Strangely enough, short-winged queens 
are more successful foundresses, because wing size reduction is associated 
with the replacement of unnecessary flight muscles by fat (Figure 2.3). 
Long-winged C. batesii queens laid their first eggs significantly later than 
short-winged queens of C. batesii and C. nigra, had a much lower egg lay- 
ing rate and, as a result, had a higher failure rate in colony founding 
(Schrempf and Heinze 2007). 


Figure 2.3. Histological section through the alitrunks of a short-winged female 
sexual (left) and a long-winged female sexual (right) of Cardiocondyla batesii, 
showing that the flight muscles are strongly reduced and presumably replaced 
by fat in short-winged sexuals (courtesy of B. Lautenschlager and A. Schrempf). 
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Queens of polygynous Cardiocondyla resemble other predominantly or 
obligatorily polygynous ants in having a very short life span, usually much 
less than one year (e.g., Heinze, Hélldobler, and Yamauchi 1998; 
Schrempf, Heinze, and Cremer 2005). In contrast, queens of monogynous 
Cardiocondyla have been observed to survive for two years and longer. A 
simple comparison of species from nonseasonal and seasonal environ- 
ments is likely to be imprecise, but queens of monogynous Cardiocondyla 
outlived their polygynous relatives even when their life span was corrected 
for seasonality by subtracting the supposedly inactive hibernation time 
(Schrempf and Heinze 2007). Nevertheless, queens of C. batesii and C. nigra 
are ephemeral when compared to those of other monogynous ants with 
similar colony size, such as Temnothorax (Plateaux 1986; Keller 1998). This 
might eventually result in a rather high percentage of orphaned colonies in 
the field, which could potentially be usurped by young, founding queens 
(Lenoir et al. 2007). 

Monogynous Cardiocondyla therefore appear to have reverted to inde- 
pendent founding, albeit in a rather unusual way, with no or almost no 
long-range dispersal. This leaves the second problem associated with the 
switch from polygyny to monogyny: inbreeding, which inevitably arises 
from intranidal mating and monogyny. Inbreeding is generally detrimental 
in that it increases the homozygosity of lethal or semilethal recessive alle- 
les, but in many ants and other Hymenoptera with single-locus comple- 
mentary sex determination (sl-CSD) it is also associated with the 
production of sterile, diploid males (Cook 1993; Cook and Crozier 1995). 
Genetic studies reveal that more than 80% of all matings in C. batesii are 
between brothers and sisters (Schrempf, Reber, et al. 2005), however, in- 
breeding apparently does not result in the production of large numbers of 
diploid males (Schrempf, Aron, and Heinze 2006). Sex in Cardiocondyla 
therefore appears to be determined by other mechanisms than sl-CSD, ei- 
ther by multiple sex loci or by genomic imprinting as in the parasitoid wasp 
Nasonia (Dobson and Tanouye 1998). 

Given the life history of monogynous Cardiocondyla with wingless 
males and flightless female sexuals, it is surprising that 20% of all matings 
in C. batesii are not between close relatives. There is some evidence that 
both sexes can disperse on foot and in this way attempt to reach other 
colonies. Bolton (1982; pers. comm.) found a male of C. emeryi outside of 
a nest, and J. L. Mercier and colleagues (personal communication,) report 
the same for C. elegans. 
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At present, the ultimate causes of the transition to monogyny remain 
obscure. Data on the colony structure of additional species are needed to 
corroborate the hypothesis that monogyny is indeed associated with life in 
more seasonal, xeric environments in contrast to what has been observed 
for other ant taxa. The reversal is made possible by foraging by founding 
queens and the replacement of wing muscles by fat, which facilitates 
colony founding by short-winged queens. 


Conclusions 


These two examples document that a reversal from ancestral polygyny to 
derived monogyny is possible, although it appears to be associated with 
novel and unusual colony founding tactics. More cases of such an evolu- 
tionary transition might be detected by phylogenetic analyses of ant gen- 
era containing both monogynous and polygynous taxa. An indication for 
the potential occurrence of such an evolutionary reversal could be monog- 
ynous species with atypical queen nest foundation habits. A promising 
candidate is the formicine ant genus Cataglyphis, in which both polygy- 
nous and monogynous species occur (e.g., Dahbi et al. 1996; De Haro and 
Cerdá 1984; Wehner, Wehner, and Agosti 1994). As in Cardiocondyla, 
Cataglyphis queens can be short-winged or completely wingless (Tinaut 
and Ruano 1992). Young queens of monogynous C. cursor do not disperse 
far for mating and are assisted during colony founding by workers from 
their maternal colonies (Lenoir et al. 1988; Clémencet, Vignier, and 
Doums 2005). 

Evolutionary reversals toward obligatory monogyny might be rare and 
occur predominantly in special biological settings. In addition, they appear 
to follow new evolutionary pathways involving novel behavioral and mor- 
phological traits. Investigations of these systems might help us to better 
understand the ecological and genetic causes underlying the evolution of 
social organizations in ants. The evolution of new traits associated with 
secondary monogyny can further elucidate how similar selection pressures 
result in different evolutionary solutions. 
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Aging of Social Insects 


OLAV RUEPPELL 


AGING IS A UNIVERSAL yet highly variable property of living systems 
(Finch 1990). Following two decades of rapid progress in understanding 
aging in a few short-lived nonsocial model organisms, comparative ap- 
proaches are called for to investigate the biological generality of these 
findings. Social insects are increasingly noticed as alternative models 
with great scientific potential. Social evolution involves special adap- 
tations that create unique opportunities for aging research. After review- 
ing the major aging hypotheses (Hughes and Reynolds 2005) in 
reference to social insects, this chapter focuses on two particular proper- 
ties of social insects that entail special opportunities for aging research. 
First, group living creates many interactions between individuals and 
emergent properties at the colony level. Social evolution has selected for 
extreme longevity in some individuals (Keller and Genoud 1997), but 
longevity may have also contributed to the evolution of sociality (Carey 
2001a). Little is known about the relations between social group struc- 
ture and individual life expectancy, except for human studies. The sec- 
ond property of social insects is the existence of castes exhibiting 
pronounced intra-specific life expectancy differences. This phenotypic 
plasticity for aging provides an interesting model for proximate studies of 
the epigenetic regulation of aging (Omholt and Amdam 2004) which can 
illuminate the proximate constraints on interdependent life history opti- 
mization (Oster and Wilson 1978). 


51 


52 Transitions in Social Evolution 


Aging Theory and Social Evolution 


There are three established evolutionary (ultimate) hypotheses of aging, 
and some of the most compelling experimental support for them comes 
from social insects. The disposable soma theory (Kirkwood 1987; Figure 
3.1) proposes that most available resources should be used to maintain the 
germ line of an organism at the expense of the somatic cells. Quantification 
of the resource allocation to soma and germ line is difficult within a multi- 
cellular, solitary organism, but social insect colonies provide a good model 
to test this hypothesis. In advanced social insect species, reproduction is 
monopolized by a morphologically specialized caste. These reproductives 
can be regarded as the germ line of the colony and their workers are anal- 
ogous to the somatic cells of multicellular organisms (Wilson and Sober 
1989). Hypotheses based on evolutionary theory correctly predict that 
reproductives live longer than their “somatic” support, the workers. Thus 
most available resources are used to maintain the reproductives (germ ` 
line) at the expense of the workers (soma) (Rueppell and Kirkman 2005). 

The two remaining evolutionary hypotheses of aging are based on the 
observation that selection decreases with age because the number of indi- 
viduals subjected to selection declines with advancing age (Rose 1991). 
Thus, mutations with late-acting deleterious effects are not strongly 
selected against and can accumulate to cause senescence (mutation accu- 
mulation hypothesis; Medawar 1952). Such mutations might even be se- 
lectively favored if they are beneficial earlier in life (antagonistic pleiotropy 
hypothesis, Williams 1957). Delayed reproduction increases the duration 
of selection against harmful mutations and, thus, should lead to a longer 
life span. Reproduction is delayed in social insects, most prominently in 
species that found new colonies independently. Consistent with evolution- 
ary theory, independently founding species are generally longer lived than 
dependent colony founders (Hélldobler and Wilson 1977; Keller and 
Genoud 1997). Additionally, the delayed onset of reproduction in social in- 
sects abolishes the inter-sexual conflict over parental investment. In con- 
trast to many solitary, promiscuous species, social insect males are selected 
against manipulating their mates to increase current reproduction at the 
expense of longevity. Mating in social insects can indeed increase queen 
longevity (Schrempf, Heinze, and Cremer 2005; but see Baer and Schmid- 
Hempel 2005). 

Another prediction by the latter two hypotheses is that the intrinsic rate 
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of aging co-evolves with the extrinsic mortality risk: if the extrinsic mortal- 
ity is high, fewer individuals survive for selection to act on late-acting 
genes. To the degree that castes evolve independently, the phenotypic 
plasticity of social insects (West-Eberhard 2003) provides excellent test 
cases of this prediction. For example, ant queens and termite reproduc- 
tives live in the center of their colony, shielded from external mortality 
factors such as predators or other environmental hazards. Only when first 
leaving the natal nest to establish a new colony do they experience high 
mortality (Hélldobler and Wilson 1990). Therefore, it is predicted that the 
intrinsic mortality (deaths without external insults under environmentally 
benign conditions) of reproductives is comparatively low, which seems to 
be the case (Keller and Genoud 1997). In contrast, workers progress from 
the protected colony environment to tasks associated with higher extrinsic 
mortality as they age (Tofilski 2002; Cole, this volume). As expected, work- 
ers have a relatively low life expectancy, particularly in species with highly 
divergent worker and reproductive phenotypes (Hélldobler and Wilson 
1990; Keller 1998; Carey 2001a; Page and Peng 2001). The predicted 
correlation between extrinsic and intrinsic mortality was also confirmed 
within the worker caste of the weaver ant (Oecophylla smaragdina) in lab- 
oratory tests (Chapuisat and Keller 2002). 

Evolutionary life history theory also predicts that life stages associated 
with high mortality should be minimized. Such an association has been 
found in the duration of the pupal stage of honey bees. The developmental 
time of queen pupae, which experience high mortality due to fatal sister- 
sister conflict (Tarpy, Gilley, and Seeley 2004), lasts only 6 to 7 days. In 
contrast, worker and drone pupae, which experience low mortality (Sak- 
agami and Fukuda 1968; Fukuda and Ohtani 1977), develop in 11 to 12 
days and 14 to 15 days, respectively (Winston 1987). Furthermore, the 
evolution of age-based division of labor among social insect workers (Besh- 
ers and Fewell 2001) probably has been influenced by varied extrinsic 
mortality associated with different tasks (O'Donnell and Jeanne 1995a; 
Tofilski 2002). Tasks associated with a higher external mortality are per- 
formed primarily by old individuals with a low residual value to the colony 
(Woyciechowski and Kozlowski 1998; Amdam et al. 2004). In sum, com- 
pelling empirical support for the evolutionary theory of aging comes from 
social insects and recent elaborations of the evolutionary theory of aging 
(e.g., Lee 2003) have conceptual parallels to the pervasive kin selection 
theory. 
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A number of proximate hypotheses of aging (Figure 3.1) do not explic- 
itly invoke or contradict evolutionary arguments. Rather, these hypotheses 
complement evolutionary explanations by focusing on possible mecha- 
nisms at the cellular and molecular level. In some cases, the molecular 
mechanisms directly corroborate one of the evolutionary theories of aging. 
For example, insulin/insulin-like growth factor 1 (IGF-1) signaling (see 
below) antagonistically affects reproduction and life span (Tatar and Yin 
2001). However, in some cases unique, divergent predictions arise, partic- 
ularly in social insects. 

A classic mechanistic hypothesis is the “rate-of-living” hypothesis (Pearl 
1928), which suggests that organisms with a faster metabolism also age 
faster. The underlying cause could be a limitation of internal resources or 
physiological capacity (Neukirch 1982); however, more research has fo- 
cused on the damaging effects of metabolic by-products, such as oxidative 
damage through free radicals (Bokov, Chaudhuri, and Richardson 2004). 
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Figure 3.1. Different hypotheses of aging exist that are not mutually exclusive 
and explain aging at different levels. Social insect research has so far supported 
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mainly ultimate (evolutionary) explanations. Nevertheless, these are each 
compatible with several mechanistic hypotheses (arrows) and social insects 
could become important models in aging research to make these connections 
in the future. 
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Predominantly, the mitochondria have been implicated, but the “mito- 
chondrial theory of aging” includes additional mechanisms such as mito- 
chondrial signaling pathways (Jacobs 2003). The relative rates of damage 
accumulation from metabolic activity can be partially offset by cellular re- 
pair, resulting in potentially complex relationships between metabolic 
activity and life expectancy (Corona et al. 2005). Complimentary evidence 
is provided by the increase of life expectancy through caloric restriction, 
which reduces metabolic activity (Sohal and Weindruch 1996), and muta- 
tions in cellular signaling pathways that slow metabolism (Guarente and 
Kenyon 2000). Tentative support for the role of metabolic rate as a life 
span determinant in social insects comes from the fundamental taxonomic 
life span differences between the long-lived perennial termites and ants 
and the relatively short-lived annual wasps and bees. The metabolically in- 
tense flight (Harrison and Roberts 2000) of wasps and bees may cause 
them to age much faster than non-flying social insects. However, more re- 
fined phylogenetic comparisons between metabolic load measurements 
and life expectancies are needed. It would also be interesting to compare 
metabolic rates and molecular damage accumulation between reproduc- 
tives and workers to investigate whether their different life expectancy 
correlates with differential damage accumulation, despite higher levels of 
classic antioxidants in workers (Parker et al. 2004; Corona et al. 2005). 

A second set of mechanistic explanations for aging implicates DNA 
changes (mutations and epigenetic changes) and resulting regulatory mal- 
functions. The somatic mutation hypothesis (reviewed by Finch 1990) 
states that somatic cells become less viable with age because they accumu- 
late mutations in their genomic and organelle DNA (e.g., due to oxidative 
damage, see above). Somatic mutations can cause genomic instability, 
another mechanism of suggested importance in organism senescence, but 
no data exist from any social insect so far. 

A specific case of genomic instability is the shortening of the chromo- 
some telomeres, which leads to replicative senescence of cells and limits 
the growth of cell lines in vitro (Hayflick and Moorhead 1961). A correla- 
tion between telomere length and life expectancy exists in Lasius ants 
(Jemielity et al. 2007). Telomere maintenance in honey bees presumably 
employs a mechanism similar to humans (Honeybee Genome Sequencing 
Consortium 2006), but because most adult insect tissues are post-mitotic 
(Finch 1990), cellular senescence may be of less general importance. Yet 
honey bee intestinal epithelium cells (Snodgrass 1956; Figure 3.2) and 
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Figure 3.2. Incorporation of the thymidine-analogue 5’-bromo-2’ deoxyuridine 
(BrdU) demonstrates cell proliferation (bright spots) in the intestine of an adult 
honey bee queen and can be used to quantify potential replicative senescence 
of intestinal stem cells. 


immune cells (Amdam, et al. 2005) proliferate in adults, raising the possibil- 
ity of a link between aging and cellular senescence. The intestinal replicative 
cells of insects have been characterized as bona-fide stem cells (Ohlstein and 
Spradling 2006) but the association between stem cell replicative senescence 
and organismal life expectancy is not simple in honey bees (Ward et al. 2008). 
Similarly, the immune system is essential in a social context (Schmid-Hempel 
1998) and its functional decline may impact longevity to a greater extent than 
degradation of other major organ systems (Doums et al. 2002; Amdam et al. 
2004; Effros 2004). 


The Social Context of Aging 


The emerging interdisciplinary field of biodemography combines biological 
experiments at different levels with the actuarial concepts and techniques of 
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demography (Carey 2001b), with a (current) focus on aging and life span. 
The central premise is that biological entities such as an organism, a 
colony, or a population have an age structure, and biological processes 
such as reproduction, growth, and mortality risk are age dependent. This 
implies that the age dynamics of any of these variables conveys more infor- 
mation than static population mean value across different ages. For ex- 
ample, studies of mortality dynamics over the entire life span point to 
underlying biological processes of mortality (Sakagami and Fukuda 1968) 
and question the paradigm of a finite, species-specific life span (Vaupel et 
al. 1998). Few studies of social insects have taken full advantage of biode- 
mographic approaches (Carey 2001b), even though the age dynamics of 
many variables are particularly important for understanding social insect 
biology. In addition, social insects provide ideal demographic study sys- 
tems because they typically occur in large numbers and reliably return to 
their colony as long as they live. Observation hives for honey bees and 
bumblebees as well as the open natural nests of many wasp species allow 
for high-quality, longitudinal survival analyses under natural conditions. 
The study of aging in an evolutionarily relevant context allows for an un- 
derstanding of the interactions between individual adaptations and extrin- 
sic mortality factors. In addition to the ecological context that individuals 
of every biological species experience, social organisms have to integrate 
with a dynamic social environment that has shaped their life histories. In 
the following two sections I summarize biodemographic studies of social 
insects to illustrate the influence of ecological and social variables on aging 
rates and life span. 


Ecological Influences 


Social insects have adapted to a large diversity of lifestyles and habitats 
(Hdlldobler and Wilson 1990) and their evolutionary relationships are 
increasingly resolved at different taxonomic levels. Thus, they offer many 
possibilities for comparative studies of the evolutionary ecology of aging. 
At the intraspecific level, many “tramp” species that have successfully esta- 
blished themselves in a variety of habitats (McGlynn 1999) are interesting 
study cases for micro-evolutionary life span adaptations to new ecological 
environments (Amdam, Norberg, et al. 2005). Population comparisons 
would be informative for the formation of broader ecogerontological rules 
(i.e., which environmental factors favor longevity; Carey 2001b) and for 
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understanding the success of invasive social insects (McGlynn 1999). Stud- 
ies of clinal variation (Kaspari and Vargo 1995) and the effects of popula- 
tion density (see Cole, this volume) or predator-free habitats should yield 
especially insightful results. 

Seasonal changes affect whole sets of environmental variables and de- 
termine the activity period of social insects. For annual species such as 
bumblebees and many temperate wasps, the life span of individuals and 
colonies is limited to one growth season. This relative similarity in life 
expectancy of workers, queens, and colonies increases the cost/benefit ratio 
of replacement of the old queen by a younger individual (supersedure), 
and thus has profound consequences for social organization and evolution 
(Tsuji and Tsuji 2005). Seasonality may explain why life expectancy in tem- 
perate species is lower than in tropical species, at least for workers (Rodd, 
Plowright, and Owen 1980). Worker life expectancy of the perennial honey 
bee also depends on the season in temperate climates. During the active 
season, worker life span averages 15 to 38 days (Page and Peng 2001), with 
a constant decline in life expectancy over the summer (Neukirch 1982). 
However, their life span can exceed 140 days in the winter (Page and Peng 
2001), possibly up to a year (Maurizio, 1950). This increased longevity is 
presumably due to a combination of factors, including an altered protein 
metabolism (Omholt and Amdam 2004). In addition, the lowered extrinsic 
mortality risk for nonforaging winter workers may be significant. Long- 
lived workers can also be obtained during the summer (Maurizio 1950) 
under broodless conditions, indicating the importance of the regulation of 
resource allocation (Amdam and Omholt 2002). The life span of reproduc- 
tives seems to be largely under social control (Winston 1987; Page and 
Peng 2001) since they are buffered against predation and fluctuations in 
the external environment (Rueppell et al. 2004). Seasonal effects on queen 
mortality have not been documented (except in the Argentine ant Linep- 
ithema humile; Keller, Passera, and Suzzoni 1989), but male hymenoptera 
are generally short-lived, and in honey bees it is well-documented that 
drones are expelled from colonies at the end of the reproductive season 
(Winston 1987). 

Colony growth in social insects mostly follows a logistic pattern (Höll- 
dobler and Wilson 1990; Cole, this volume) because the birth and death 
rates of workers are dependent on colony size (Oster and Wilson 1978). 
Growth rates also depend on several environmental variables, such as resource 


availability, population density, and pathogens/predators. Intraspecifically, 
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large colony size can confer a longevity advantage to individual workers 
(Fukuda and Sekiguchi 1966; Winston 1979; O’Donnell and Jeanne 1992). 
This advantage may be due to more effective environmental homeostasis 
within the nest, improved defensive capability, or increased colony effi- 
ciency that decreases the demands on individuals. In contrast, colony size is 
negatively correlated with worker longevity at the interspecific level. This 
may be due to the fact that species with large colonies generally have a 
higher degree of divergence between workers and reproductives (Bourke 
1999), which results in relatively low worker life expectancy. 


Social Environment 


Intraspecific interactions influence the longevity of many animals but the 
unsurpassed integration of individuals in social insect societies (Wilson 
1971) has created an intimate link between individual life span and colony 
social structure. The most prominent social determinant of life span is the 
distinction between reproductives and nonreproductive workers. On the 
one hand, the relatively long life of the reproductive has probably co-evolved 
with sociality (Carey 2001a), while on the other hand, social cooperation 
assures fitness returns of reproductive effort beyond an individuals’ life 
span (Gadagkar 1990). Thus, sociality may have arisen due to low adult sur- 
vival in some taxa (Landi et al. 2003). 

Hymenopteran queens live much longer than workers (Hélldobler and 
Wilson 1990; Keller and Genoud 1997; Carey 200la; Page and Peng 
2001) and males (Page and Peng 2001; Rueppell, Fondrk, and Page 2005; 
Figure 3.3). In contrast, the workers and kings of termite colonies can be 
as long-lived as their queens (Thorne, Breisch, and Haverty 2002). Thus, 
reproduction does not necessarily confer a longevity advantage in social 
species. However, in social hymenoptera reproductives usually outlive 
nonreproductives, even in species without physical worker or queen 
castes. In ants of the genus Diacamma, workers facultatively mate and as- 
sume the reproductive role in their colony, resulting in a three to five-fold 
life span extension compared to their nonreproductive nestmates (Tsuji, 
Nakata, and Heinze 1996; Andre, Peeters, and Doums 2001). Similarly, 
the colony's queen in the facultatively parthenogenetic ant Platythyrea 
punctata lives approximately four-fold longer than her genetically identical 
nonreproductive sisters (Hartmann and Heinze 2003). 

Aging and mortality patterns have been studied mostly in workers. 
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Figure 3.3. The intraspecific variability of life spans in social insects (shown for 
the honey bee) provides unique opportunities to study naturally-evolved 
plasticity in aging rates. 


Across different taxa, foraging outside of the nest greatly increases mortal- 
ity. In bumblebees and ants with physical worker castes (Hélldobler and 
Wilson 1990) individuals specialize on either foraging or inside tasks 
throughout their lives. Foragers consistently have lower life expectancies 
than inside workers, even in a protected laboratory environment (Porter 
and Tschinkel 1985; Chapuisat and Keller 2002). In many social insects 
without specific forager castes, these duties are consistently performed 
by older individuals (Beshers and Fewell 2001; Nascimento, Simoes, and 
Zucchi 2005). The transition from hive activities to foraging is character- 
ized by a dramatic increase in mortality, resulting in a type I survivorship 
curve (Sakagami and Fukuda 1968). This robust finding (Fukuda and 
Sekiguchi 1966) is uncommon in short-lived organisms such as insects, and 
likely results from the protected and provisioned colony environment in 
which potentially vulnerable offspring are reared. Under these circum- 
stances, the central life history variable for social insect workers becomes the 
transition from the low-risk colony environment to the high-risk foraging 
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environment (Porter and Jorgensen 1981; Visscher and Dukas 1997: 
Rueppell, Bachelier, et al. 2007), referred to as the “age of first foraging” 
(Guzman-Novoa, Page, and Gary 1994). This transition is accompanied by 
regulatory changes in physiology (see below) which shorten forager life 
span (O’Donnell and Jeanne 1995b; Amdam et al. 2004; Amdam, Aase, et 
al. 2005). These changes can only be understood as adaptations to mini- 
mize resource loss at the colony level, reinforcing the notion of workers as 
disposable soma. Nutrient transfers can reduce individual life span 
(Amdam et al. 2004) but may promote colony survival, especially under 
starvation stress (Rueppell and Kirkman 2005). 

The concept of adaptive demography suggests that colony caste ratios are 
optimized (Oster and Wilson 1978), and some empirical support for this ex- 
ists (Yang, Martin, and Nijhout 2004). However, the typical age structure of 
colonies in itself is not necessarily adaptive, but can be a necessary conse- 
quence of individual mortality schedules. For example, single- and double- 
cohort colonies of honey bees are not inferior to colonies of natural age 
composition (Rueppell, Linford, et al. 2008). Demographic manipulations 
have been used to assess the influence of colony size (Fukuda and Sekiguchi 
1966; Winston 1979; Harbo 1986; O'Donnell and Jeanne 1992) and the 
brood/adult ratio. Despite a large proportion of apparently inactive workers 
(Winston 1987; Hélldobler and Wilson 1990), the brood/adult ratio is nega- 
tively correlated with the life span of the reared brood (Eischen, Rothenbuh- 
ler, and Kulincevic 1982) and the adult caregivers (Winston and Fergusson 
1985). These few studies provide limited information on the relationship be- 
tween individual life span and social organization and need to be further 
elaborated and integrated with mechanistic studies at the social, individual, 
and molecular level. 


Phenotypic Plasticity of Aging 


Between Caste Comparisons 


The large variation in life span between castes and the exceptional longevity 
of the reproductives (Keller and Genoud 1997) is the foremost reason for re- 
searchers on aging to be interested in social insects (Finch 1990). Reproduc- 
tives differ from workers in many physiological and behavioral aspects that 
may or may not be related to their differential aging rates (Page and Peng 
2001; Rueppell et al. 2004); therefore, general trait comparisons between 
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workers and reproductives, such as global comparisons of gene expression 
patterns, are unlikely to reveal the primary causes of their differential life ex- 
pectancy. However, between-caste comparisons can be useful in more com- 
plex designs that address the age dynamics of the studied differences (e.g., 
sequential analyses of gene expression differences). Additionally, between- 
caste comparisons provide powerful, naturally-evolved systems to test spe- 
cific processes that may be associated with differential life expectancy. 

One such study focused on the important antioxidant enzyme Cu-Zn 
superoxide dismutase I (SOD1), which has been shown to increase life ex- 
pectancy in various aging models (Parker et al. 2004). Yet in the small 
black garden ant Lasius niger, queens consistently expressed SOD1 less 
than the shorter-lived workers and males in all three body compartments 
(head, thorax, abdomen) and this expression mirrored the enzyme activity 
levels. Although no age information was available for the investigated indi- 
viduals (Parker et al. 2004), the study suggests that SOD1 does not have a 
major role in determining longevity in this ant. 

In a second candidate gene study, the expression of eight antioxidant and 
five respiration-related genes (including SOD1) were compared between 
queen and worker honey bees (Corona et al. 2005). Antioxidant gene expres- 
sion decreased with age in queens in all body compartments, but increased 
in workers. The respiration-related genes also decreased in queens with age, 
but remained constant in workers. Overall, antioxidant and respiration- 
related genes showed higher expression levels in workers than queens. This 
suggests that reactive oxidant production and protection against it may be 
higher in workers than in queens, but no clear pattern emerges as the cause 
for the life span difference between the two castes (Corona et al. 2005). 

Both studies together suggest that the natural evolution of longevity 
may be more complex than suggested by laboratory life span extensions 
obtained through genetic manipulations. However, numerous genes can 
potentially increase life span when mutated and are worth studying as pos- 
sible candidates (Partridge and Gems 2002; Tatar, Bartke, and Antebi 
2003). This is particularly true for genes involved in insulin/IGF-1, juve- 
nile hormone, and ecdysone signaling (Simon et al. 2003) because these 
mechanisms are widely involved in pleiotropic behavioral and life-history 
regulation, social insect caste differentiation, and physiological caste 
differences (Hartfelder and Engels 1998; Wheeler, Buck, and Evans 2006; 
Hunt et al. 2007). 

The mechanisms responsible for the different aging rates among social 
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insect castes may be also addressed by a top-down comparative approach. 
Characterization of the actual cause of death, or even symptoms of senes- 
cence of either caste, can provide a starting point for mechanistic hypotheses 
about why reproductives outlive workers. Many biomarkers of senescence 
at different biological levels (organismal, cellular, and molecular) have 
already been identified in humans and classic aging models (e.g., Markowska 
and Breckler 1999; Martin 2000; Grotewiel et al. 2005), which could be 
used in comparative social insect studies. 


Within-Caste Studies 


While queens and males have not been extensively studied, it is clear 
that the worker caste(s) of most social insects display considerable plas- 
ticity in life expectancy. In large part, this is due to task specialization, 
which entails differences in external mortality risk, work load (metabolic 
activity), and physiology (Amdam and Omholt 2002). In honey bees, the 
different mortality schedules arising from behavioral specialization are 
superimposed on seasonal effects (Fukuda and Sekiguchi 1966) and a 
pattern of increasing worker mortality with chronological age (Rueppell, 
Christine, et al. 2007). Worker subcastes with different aging rates can 
be defined based on season, physiology, or behavioral profile. For ex- 
ample, workers can be extremely long-lived in a diutinus (overwinter- 
ing) state (Omholt and Amdam 2004) to survive unfavorable periods 
without brood-rearing or foraging, such as overwintering (Maurizio 
1950). It has been suggested that senescence of diutinus bees is inde- 
pendent of age (Omholt and Amdam 2004). More generally, aging seems 
to be more a function of task exposure than of chronological age; gener- 
ally, hive workers senescence much slower than foragers (Page and Peng 
2001) and molecular damage accumulation in worker brains is linked to 
foraging experience (Seehuus and Amdam 2006) rather than chronolog- 
ical age. This may explain why sensory and learning performance does 
not decline with chronological age (Rueppell, Christine, et al. 2007), but 
learning declines with foraging time (Behrends et al. 2007). In contrast, 
mortality risk and stress resistance seem to be a function of chronologi- 
cal age (Remolina et al. 2007; Rueppell, Christine, et al. 2007). Workers 
can also enter reproductive status upon the loss of social inhibition by 
the brood and queen but mortality consequences are less clear than in 
some ants where workers regularly assume reproductive status with 
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increased life expectancy (Tsuji, Nakata, and Heinze 1996; Hartmann 
and Heinze 2003). 

Foraging activity is widely associated with high mortality in social in- 
sects and foraging life span is generally short (Visscher and Dukas 1997). 
Foragers can be lost to predation, disease, disorientation, dehydration, and 
accidents (Wilson 1971; Schmid-Hempel and Schmid-Hempel 1984; Höll- 
dobler and Wilson 1990; Schmid-Hempel 1998). Foraging is also more en- 
ergetically and biomechanically demanding than colony-internal tasks, 
particularly in flying species. Abrasion of the wings (Figure 3.4) represents 
mechanical senescence that is easy to quantify and experimentally manip- 
ulate. It may be responsible for declining foraging performance in honey 
bees (Tofilski 2000), and it affects foraging decisions and mortality (Cartar 
1992; Higginson and Barnard 2004). In addition, foraging entails very high 
metabolic rates (Roces and Lighton 1995) that may translate into faster mo- 
lecular aging through oxidative damage (Bokov Chaudhuri, and Richardson 
2004; Corona et al. 2005; Seehuus and Amdam 2006). However, quantitative 


Figure 3.4. Young honey bee worker (A) and old forager (B). The comparison 
illustrates the external wear-and-tear incurred by the old bee as abrasion of 
cuticular hairs and wing damage. 
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reduction of foraging has only a modest effect and regulatory events seem 
to be just as important (Rueppell, Bachelier, et al. 2007). The vitellogenin 
levels of foragers are low (Fluri et al. 1982; Amdam and Omholt 2002) and 
the replenishment of glycogen stores in the flight muscles may also be im- 
paired (Neukirch 1982). Similarly, foraging coincides with a decrease in 
lipid stores in workers of the wasp Polybia occidentalis (O'Donnell and 
Jeanne 1995b), and a 40 percent reduction of the overall dry weight in har- 
vester ants (Porter and Jorgensen 1981). Low nutrient levels in foragers 
may lead to exhaustion and prohibit damage repair at the cellular level, ac- 
celerating individual senescence but preserving resources at the colony 
level. 

In particular, vitellogenin is associated with longevity in honey bees 
(Corona et al. 2007). Queens have high levels of vitellogenin; in workers its 
titer declines sharply with the onset of foraging, but remains high in the 
diutinus state (Amdam and Omholt 2002). Vitellogenin serves as a major 
storage mechanism for zinc, which in turn is important for immune func- 
tion. Down-regulation of vitellogenin in foragers thus compromises their 
immune system (Amdam et al. 2004; Amdam, Aase, et al. 2005a). Vitel- 
logenin can also increase honey bee survival by serving as an antioxidant to 
prevent the accumulation of oxidative damage, particularly in foragers 
(Seehuus et al. 2006). In addition, it delays the onset of worker foraging, 
resulting in a longer life (Nelson et al. 2007). 


The Integrative Future 


The recent development of broadly applicable molecular tools and theoreti- 
cal concepts is greatly enhancing studies of social insects and aging research. 
Common to both disciplines is a solid theoretical foundation that provides a 
framework for empirical progress at multiple levels of biological organiza- 
tion. For the immediate future, the completed honey bee genome project 
(Honeybee Genome Sequencing Consortium 2006) and the integration of 
biodemographic approaches and mechanistic studies promise many oppor- 
tunities for significant progress in understanding aging in social insects. 

On the one hand, social insects provide excellent model organisms for 
comparative aging research. Their evolutionary success has been achieved 
by combining short generation times with modular growth and social net- 
works for resource transfers to build long-lived, perennial colonies. Their 
extraordinary plasticity and intraspecific variation of aging rates, resulting 
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in large natural differences in life expectancy, directly attest to the evolv- 
ability of this trait. Kin selection entails particular selection pressures on 
colony members that provide many opportunities to test hypotheses on 
aging. The pronounced epigenetic caste and subcaste differences allow us 
to systematically study the same genotype in different phenotypic expres- 
sions, a field that is still in its infancy. These comparisons provide many op- 
portunities for mechanistic studies of causes, correlates, and consequences 
of a naturally low versus high life expectancy. In addition, social insect 
colonies constitute small, experimental microcosms with well-defined and 
quantifiable social roles and resource flows. They are complex systems that 
have very successfully adapted to diverse environments. The detailed de- 
mographic analysis of these societies, combined with mechanistic studies, 
will yield unique data for the social/behavioral science of aging, a field that 
is almost entirely devoid of biological model organisms. The sociobiology 
of aging thus holds great potential for comparative and experimental stud- 
ies based on evolutionary theory. 

One the other hand, studies on aging are important for understanding 
social insect biology. Colonies are critically dependent on the birth and 
death schedules of their members and face resource allocation trade-offs 
that lead to organismal aging in solitary species. Biological aging research 
has identified general, central life-history regulators, and it becomes in- 
creasingly apparent that these mechanisms have been co-opted as proxi- 
mate control modules of social evolution. In addition, biodemographic 
research has demonstrated how focusing on age-specific mortality dynam- 
ics can be a powerful approach to understand aging. This approach should 
lead to theoretical approaches to insect sociality that go beyond basic 
“adaptive demography” models and could be applied to several problems 
to understand the biology of the inherently age-structured social insect 
colonies. 
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CHAPTER FOUR 
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The Ecological Setting of Social Evolution: 
The Demography of Ant Populations 


BLAINE J. COLE 


THIS CHAPTER IS CENTERED on the demography of ant populations: the 
growth, reproduction, and mortality of colonies, I have chosen to focus 
on this rather specific set of topics in the ecology of ants because they are 
a central feature of life history that is a prerequisite for understanding 
social evolution. I will first describe the utility of demographic data and 
its analysis and then review information on the demography of ant popu- 
lations. More detailed descriptions of some of the demographic methods 
are given in an online appendix (http://sols.asu.edu/publications/pdf/cole_ 
chapter4.pdf). 

Age-specific mortality, age-specific fecundity, and population growth 
rate interact to influence the fitness of an organism. For ants, when we say 
that strategies concerning communication, recognition, division of labor, 
foraging, or sex allocation are selectively advantageous, we are making a 
statement about the fitness consequences of a behavioral tactic or syn- 
drome. What we often measure, however, are the functional consequences 
of a trait: how a particular change in behavior influences the efficiency of 
communication or division of labor. We then use the functional differences 
to infer the direction of selection by a logical argument. This approach is 
probably correct in a qualitative sense: a difference in behavior that in- 
creases the efficiency of communication or division of labor probably is 
selectively advantageous. However, it is nearly impossible to say how sig- 
nificant even a major change in behavior will be without considering the 
evolutionary ecology of the organism. It is even less likely that we can fruit- 
fully argue about the relative importance of one behavioral change (e.g., 
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sex allocation) over another (e. g., division of labor) without understanding 
the ecological setting of the trait. To make significant progress in under- 
standing the evolution of any trait, including social behavior, we must 
place our evolutionary, genetic, and behavioral studies in a demographic 
context. The state of this information in ants is not very satisfactory, but 
there is some information, and I hope that a review of techniques and data 
will stimulate further research in this area. 

The demographic literature on natural populations of ants is incomplete 
and often sketchy. There are a number of reasons for the lack of informa- 
tion, but to some degree we can blame the ants. Ant colonies are long- 
lived, iteroparous organisms that place their nests where workers cannot 
be easily seen. Colonies may move frequently or have cryptic locations 
often making them impossible to follow. If one cannot identify individual 
colonies, determine their ages, follow their survival, measure their repro- 
duction, or be able to carry out the study for long enough, it is difficult to 
gather demographic data. An ideal study for obtaining demographic data 
would be a detailed longitudinal study, but even when the study does not 
have the most desirable properties, it can be possible to extract useful in- 
formation. For example, when we do not have direct information on the 
age of colonies, it may still be possible to infer their age-specific mortality 
and fecundity. 

One of the main techniques used in this chapter is manipulation of de- 
mographic matrices. The online appendix shows how to extract a variety of 
information from the age- and stage-based data that can be collected from 
ant populations. Here I work with essentially two types of data: age-or 
stage-specific survival and reproduction. The survival data are encapsu- 
lated by the transition matrix, T, which measures the probability of making 
a transition from one age or stage to another. The reproductive data are 
given by the fecundity matrix, F, which measures the reproductive contri- 
bution of one age or stage to another. When the data are age-specific, then 
the sum of the two matrices is the familiar Leslie matrix, L, and when the 
data are stage-specific we refer to this matrix as S$. By manipulating these 
matrices a variety of information about life expectancy, population growth 
rate, age distribution, and reproductive value can be obtained. The online 
appendix relies heavily on Cochran and Ellner (1992) and especially Caswell 
(2001), the definitive source for demographic analysis of populations using 
the matrix methods described below. Age within stage distributions are 
discussed by Boucher (1997). 
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Demography of Ant Populations 


This part of the chapter is divided into components that reflect life cycle 
stages and the type of data (age- or stage-based). Queens produce colonies; 
colonies grow, eventually reproduce, and finally they die. While there is 
some information on the probability that queens will successfully found a 
colony, on the growth and mortality of colonies, and on the reproduction of 
colonies, it is fair to say that there has been more of a focus on gathering 
data on reproduction than on growth and survival. 


Colony Growth and Survival 


Queen Survival during Colony Founding 

The demography of queens, the least conspicuous stage in the life cycle of 
the colony, is poorly known. Although it is assumed that colony founding 
is the most dangerous portion of the life cycle, the probability that a queen 
will survive to found a colony is known for few species. Laboratory studies 
have shown that under appropriate conditions the probability of successful 
colony founding can be quite high (Johnson 1998), so the observed high 
mortality must be due to a combination of parasites, predators, pathogens, 
competitors, environmental stresses, and the physiological cost of produc- 
ing the first workers that is expressed in the field. 

When queens disappear into the soil or wood during claustral colony 
founding, it may be impossible to associate a queen with a specific colony. 
If queens are only observable for a matter of hours, then it is difficult even 
to measure the density of queens and the density of incipient colonies. 
This latter measure may provide a possible way to assay the success of 
colony founding, but estimates of the density of founding queens are rare. 
Colony founding by non-independent means (e.g., colony fission, tempo- 
rary social parasitism, or through re-adoption of queens into natal nests) 
yield higher values for queen survival, but these types of colony founding 
are not discussed here. 

There are published data for colony founding success by queens in 
Pogonomyrmex occidentalis, Crematogaster ashmeadi, Solenopsis invicta, 
and Atta bisphaerica (Table 4.1). The probabilities range from 0.001—0.076 
that a queen produces colonies through the incipient stage. Indirect data 
would be a welcome addition to these scanty direct measurements. One 
approach would be to relate the density of queens to the density of 
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colonies. In a population, the number of queens that land on a particular 
area should be related to the number of colonies in that area. The form of 
the relationship is a function of the survival of queens to the colony stage 
and colony life span. The correlation between the number of queens of a 
variety of species and the density of colonies is shown in Figure 4.1. As ex- 
pected, the number of queens is substantially more than the number of 
colonies. For two species that have been measured repeatedly, P. occiden- 
talis and Lasius flavus, the density of queens and colonies fall roughly on a 
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Figure 4.1. Plotting density of colonies and founding queens within a site for 
multiple species and populations. Densities are given in colonies or queens per 
hectare (except for Crematogaster ashmeadi). Data are given in Table 4.1. 
Symbols represent different species: @—Acromyrmex landolti; — 
Pogonomyrmex occidentalis; ¢—Crematogaster ashmeadi; x—Acromyrmex 
multiconodis; + —Atta capiguara; A—Atta cephalotes; W—Aita sexdens; 4 — 
Atta vollenweideri; |—Lasius niger; @—Lasius flavus; |—Myrmica; * — 
Solenopsis invicta. The diagonal lines indicate equal ratios of queens to colonies 
at a location. 
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line, indicating a relatively constant relation of queen and colony density. 
Because P. occidentalis colonies cluster around the line indicating about 
ten times as many queens as colonies, it would require at least 90% mor- 
tality (10% survival) for the entire population to be replaced in one year. 
Since it is known that survival is actually closer to 1%, about 10 years are 
required for population replacement. This rough method gives an estimate 
of colony survival that is rather accurate. Consistent with direct measures, 
it estimates approximately 1 year for S. invicta and 3.3 years for C. ash- 
meadi. Remembering that these are not longevities (which can be at least 
45 years in the case of P. occidentalis), but life expectancies at the smallest 
colony size, estimates are probably consistent to within a factor of two or 
three. 

For species that cluster in the vicinity of the 100 isocline, with a life ex- 
pectancy (after colony founding) of approximately 10 years, we would pre- 
dict that queen survival must be approximately 0.001. For Atta bisphaerica 
the estimate of founding success is 0.002, and while there is an estimate of 
queen density, there is no estimate of colony density at that location 
(Fowler 1987). In A. capiguara, the survival of incipient colonies is again 
0.001 over the first three months after colony founding (Fowler, Robinson, 
and Diehl 1984). Comparing queen and colony density for two other 
species of Atta, the probability of founding a colony should be as low as 
0.0001-0.00001. Whether this estimate is off by a factor of two or three it 
seems clear that survival of queens in many species must be less than 1 per 
thousand and for certain species may be far less than that. 

For two species, S. invicta and P. occidentalis, there is information 
about survival at more than one time point during colony founding. The 
survival of S. invicta queens was followed daily during the formation of 
incipient colonies and high mortality rates of 5 to 6% per day were fol- 
lowed by a period of declining mortality (0.6-2% per day) as incipient 
colonies formed (Tschinkel 1992). P occidentalis had a similar pattern, 
with a mortality of 7% per day falling to 5.5% per day at the time when 
incipient colonies were produced. The concordance of the two measures 
suggests qualitative generality if not quantitative congruence. These 
mortality rates mean that the life expectancy of a queen after a mating 
flight is 14 to 18 days. This is a rather amazing value for an insect that, in 
the case of P. occidentalis, can live for 45 years (Keeler 1988, 1993). It 
seems likely that the life expectancy of an Atta queen must be measured 
in hours. 
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Survival of Colonies 

For colonies with a single queen, the survival of the queen and the colony 
coincide. For many of the best studied species, the survival of colonies is 
another life-cycle stage in the survival of queens. In these cases the demog- 
raphy of colonies cannot be separated from the demography of queens. 


Age-Related Mortality 

Age-specific mortality of colonies has been measured in several species. 
One might predict that mortality would be higher among young colonies 
and lower among older colonies, if for no other reason than the increased 
size of the colony. For example, in S. invicta survival increases with colony 
size (Adams and Tschinkel 1995a), colony size increases with age (Tschinkel 
1993), and survivorship is particularly low in young colonies (Adams and 
Tschinkel 1995b). 

Although age-specific mortality rates decline in P. occidentalis (Cole and 
Wiernas unpubl. data) initially, as expected, they increase in P. barbatus 
(Gordon and Kulig 1998). Both species are seed harvesting ants in arid en- 
vironments, with relatively large adult colony sizes and single queens. It 
seems unlikely that the increase in mortality reflects senescence. It is not 
clear why these two species, with superficially similar ecologies, are differ- 
ent. These data were collected by direct observations of the survival of in- 
dividual colonies for at least 10 years. The age-specific survival for P. 
barbatus colonies together with P. occidentalis is shown in Figure 4.2. 
There are substantial differences in the pattern of survival between P. oc- 
cidentalis and P. barbatus. Although survival is fairly consistent later in 
life with annual survival being approximately 0.8 in P. occidentalis and 0.9 
in P. barbatus, there is a ten-fold greater mortality among first year P. occi- 
dentalis young colonies (0.4) compared to P. barbatus (0.04). 

Survival of queens during colony founding is 1.8% for P. occidentalis. 
This means that when we imagine the colony from 0 to 1 year, the curve 
would climb to 56 times the starting value shown in Figure 4.2. The sur- 
vival of P. barbatus queens is unknown, but presumed to be similarly low. 
All evidence suggests that queens have an extreme Type III survivorship 
curve, with most mortality occurring early in life and a very small fraction 
of the population reaching reproductive maturity. While many insects are 
known to have extreme Type III survivorship, most do not combine it with 
extreme longevity. In this way ant colonies are most similar in their pat- 
terns of mortality to trees, codfish, and corals. They do not have many 
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Survival 


Age of colony 


Figure 4.2. Survival curves of colonies from approximately one year of age. The 
three solid lines are P. occidentalis colony survival. The line with solid circles 
is the survival curve from age-based data. The two curves with hollow circles 
are the survival curves for colonies based on stage-based data. The upper line 
with solid triangles is from age-based data for P. barbatus. The lower dashed 
line, with solid squares, is the estimated survival curve based on the stage- 
specific survival probabilities for Formica opaciventris from Scherba’s (1963) 
data. 


similarities, apart from longevity, to the survival patterns of the social ver- 
tebrates with which they are often compared. 

The data points that produce Figure 4.2 constitute the entries in the 
transition matrix, T (see online appendix). From the transition matrix we 
can obtain an estimate of the amount of time that a colony can be expected 
to spend in each subsequent age category as a function of age = (I-T), 
where I is the identity matrix (ones on the diagonal and zeros elsewhere). 
The sum of these estimates is the colony life expectancy, which for P. occi- 
dentalis rises to a maximum of about 10 years at the age of 4 to 5 years. 
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Stage-Related Patterns of Mortality 

For ants, it is often far easier to obtain information about stage- or size- 
related patterns of mortality than about age-related patterns of mortality. 
It may be easier to obtain survival information about incipient colonies, 
young colonies, and mature colonies, for example, than to follow individual 
colonies for long enough to obtain age information. Size information, as 
one specific type of stage information, is particularly informative. Data 
must be collected in at least two time intervals and individuals of known 
stage or size must be classed as surviving (to a size class) or dying. Because 
individuals are assessed after a time interval, there is temporal information 
implicit in the data set, and it is possible to extract a considerable amount 
of age-related information from the size- or stage-related data. 

The size of an ant colony is usually given as the number of workers, 
often a difficult measurement to make. Little is known about the architec- 
ture of subterranean colonies (but see Tschinkel 2004, 2005, for recent- 
examples), so it is difficult to know how to excavate a nest. One alternative 
is to measure the sizes of ant mounds or other colony constructions, but it 
is not clear whether these external nest measurements are good indicators 
of colony size. The good news is that in many cases the number of workers 
correlates well with the size of the nest structure (Table 4.2); the bad news 
is that most species do not make conspicuous colony constructions. 

If we use stage-based data, the basic tool is again the transition matrix. 
Scherba (1963) presented information on the transition of colonies of 
Formica opaciventris between five colony categories based on mound 
structure and colony activity levels, and calculated mortality rates for each 
of his colony categories. This is important information for understanding 
the dynamics of a population; however, with the category transition data 
that he also collected, it is possible to infer life expectancy and age-specific 
survival. The data were from censuses in 1957-1959 and can be used to 
construct a transition matrix between categories for each year (1957-1958 
and 1958-1959). In this case the entries refer to the probability that a colony 
will make a transition from one stage to another, making it possible to cal- 
culate life expectancy (2.7, 3.3, 5.2, 4.2, 7.0 years) for colonies found in 
each of his five activity categories. Additionally, one can obtain an estimate 
of age-specific survival based on stage-specific data. One obtains this result 
by iterating the transition matrix (see online appendix), obtaining the re- 
sult shown in Figure 4.2. It is not generally appreciated that this sort of in- 
formation can be extracted from stage-classified data. 
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A size-based transition matrix for harvester ants (an example of which is 
shown in the appendix) was obtained by measuring the size of nests in two 
consecutive years. In this case the transition matrix is between colonies of 
different sizes. Finding the life expectancy as outlined above yields an esti- 
mate of life expectancy for the largest colonies of about 35 years. This is 
not unexpected given other estimates of longevity, based on 25 years of ob- 
servation of P. occidentalis (Keeler 1988, 1993), of about 45 years. This 
latter estimate is based on regressing survivorship on age and assuming 
constant mortality. 

Estimates of longevity based on size transitions may be better for this 
long-lived organism than estimates based on age itself, even when the data 
set is more than 10 years in duration. The age-specific survival derived 
from stage-based data for colonies starting in either of the two smallest size 
categories is shown in Figure 4.2, along with the measured age-specific 
survival for the first 10 years of this study. The size-based estimates are al- 
ways somewhat higher and begin to deviate from the age-based data in later 
years, but the overall agreement between two methods based on com- 
pletely different data sets lends confidence in the utility of this approach. 
It is important to emphasize that the stage-specific survival curves based on 
size are data that were collected over 2 years, while the data from colonies 
of known age required 10 years to assemble. 

For other species (Table 4.3), investigators have provided a simple mea- 
sure of the proportion of colonies remaining alive after a time interval. In 
a stage-based transition model, the transition matrix becomes the single 
probability of survival. The life expectancy is estimated as the reciprocal of 
the mortality rate. It is natural that investigators are more likely to measure 
survival of larger colonies and in many cases the authors recognize this bias 
in their calculation (e.g., Jonkman 1979; Fowler, Robinson, and Diehl 1984 
were particularly aware of this because their data are from colonies visible 
in aerial photographs). Because mortality usually declines with colony size, 
data from larger colonies will overestimate life expectancy for the popula- 
tion as a whole, but estimates for the subset of colonies observed should be 
accurate. If there has been a thorough search for all colonies, large and 
small, and the data are aggregated across those size categories, then the 
mortality rates represent an average of the population. 

The only data set where a single estimate of survival can be compared to 
the survival spectrum for age- or stage-based data is in P. occidentalis. In 
this case the data present a point estimate that yields a life expectancy of 
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13.3 years, while the life expectancy ranges from 11 to 35 years for the 
smallest to largest colonies. These values must agree with one another and 
therefore reflect the higher size-specific mortality of small colonies as well 
as the size distribution in the population. From Table 4.3 we see that aver- 
aged life expectancy varies over a relatively small range compared to other 
life history measures. In part, this is probably due to the fact that when one 
measures life expectancy based on the entire population of colonies, one 
obtains an aggregate measure reflecting the size/age distribution in a pop- 
ulation, colony growth rates, and size-specific survival. All the data from 
Atta seem lower than expected for reasons that are not clear. The survival 
of Paraponera clavata is the outlier among species, although the figures 
may reflect movement of nests as well as mortality. 


Reproduction of Colonies 


The second main ingredient of population demography is reproduction. 
As with mortality, we can look at reproduction as either age-related or 
size/stage related. Ideally, we want to know the age-specific pattern of re- 
production so that we can calculate reproductive values and interpret se- 
lection operating at various life-cycle stages. However, if there was little 
information on age-related patterns of mortality among ants, there is vir- 
tually nothing on age-related patterns of reproduction. Data from P. bar- 
batus are the only published information that directly touch on this point 
(Gordon 1995; Wagner and Gordon 1999). Gordon (1995) reported that 
the number of reproductive colonies increased from 3 to 5 years of age, 
but it was not clear how many colonies of each age were observed. Wag- 
ner and Gordon (1999) found that reproductive output increased slightly 
with age (r?=0.03-0.06), but unfortunately the number of queens pro- 
duced could not be measured. While the regression of reproductive out- 
put on colony age was significant for those colonies that produced 
reproductives, it was not significant when all colonies, even those that did 
not reproduce, were included in the analysis. Since colony size presum- 
ably increases with age, it is difficult to conclude that there is any direct 
effect of colony age. 


Size-Related Reproduction 
Apart from the importance of size to survival, size is most often linked to 
reproduction. There are at least two ways in which colony size can be 
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related to reproductive output. The first is that there may be a positive cor- 
relation between the number of workers and the number of queens that 
the colony produces, and the second is that there is a threshold size for 
reproduction. However, there may be no relationship between colony size 
and reproductive output per se, yet there is a relationship between colony 
size and the probability that a colony reproduces. Both patterns have been 
observed (Table 4.4). In a few species or populations, the number of 
queens produced and colony size are correlated (e.g., Myrmica sulcinodis, 
Elmes and Wardlaw 1982), but that occurs far less commonly than ex- 
pected. A much more common pattern is that there is essentially a size 
threshold for reproduction (e.g., Camponotus, Fowler 1986; Pogono- 
myrmex, Cole and Wiernasz 2000). It is nearly universal that the size of a 
colony affects the probability that a colony will reproduce. The number of 
queens that are produced is much less strongly (and frequently not) re- 
lated to colony size. Interestingly, there is usually a stronger relationship 
between colony size and the production of males (e.g., Myrmica, Elmes 
and Wardlaw 1982). Given the complex interactions among local food 
abundance, within-colony demography, and differing queen and worker 
interests (Herbers 1991), perhaps it should not surprise us that new queen 
production bears a complicated relationship to colony size. However, the 
long-standing assumption about colony demography that bigger colonies 
have greater reproduction, which may form the basis of ideas about topics 
as diverse as population dynamics and reproductive conflict, does not de- 
serve the status of generalization. 


The Age/Size Frequency Distribution 

In a stable age distribution the proportion of individuals of a given age 
must decline with age. The few non-invading populations for which we 
have age distributions show this pattern (P. barbatus, P. occidentalis). This 
is not proof that the populations are at a stable age distribution, but it is a 
necessary prerequisite. For species that may be invading a new habitat, 
such as Diacamma ceylonense (Karpakakunjaram et al. 2003), there is no 
expectation that the age distribution will have any particular form. If nu- 
merous colonies invade over a short time, then the age distribution will ini- 
tially contain a few cohorts. Invasion of a new habitat by one or a few 
colonies will produce an age distribution that is characteristic of an expand- 
ing population. The age distribution may indicate more about the progress 
of the invasion than about demographic processes within the population. 
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The size distribution of colonies reflects the convolution of colony growth 
and survival. Unlike age distributions, with size distribution a variety of 
patterns are possible. If colony growth and mortality rates are declining 
functions of colony size, colony size distributions may have a peak. If 
colonies grow rapidly through small sizes and survive for a long time at 
large sizes they will accumulate in the larger size classes. The size distribu- 
tion will thus be affected by the patterns of colony growth. Some have sug- 
gested that colony growth patterns should follow a logistic function (Brian 
1965; Wilson 1971; Oster and Wilson 1978) by analogy with simple models 
of population growth. The often-cited example of honey bee colony 
growth (in Wilson 1971, p. 431) is a spectacular fit to a logistic function; 
however, there are few data from ants to allow us to conclude that logistic 
colony growth in nature is common (Table 4.5). Tschinkel (1993) showed 


Table 4.5. Colony age and colony size 


Species Pattern Notes Reference 
Oecophylla Linear or No. nests Gupta 1968 
smaragdina logistic increase increases; 5 colonies 
Solenopsis invicta Logistic growth with Multiple colonies Adams & Tschinkel 
variation or logistic growth of known age fit to 2001; Tschinkel 
with overlying cycles. function. Field 1993 
Colony growth declines measurements of 
with size. growth rate. 
Pogonomyrmex Colonies increase in size N=12 colonies Gordon 1992 
barbatus over 4 years. 


Atta vollenweideri 


Logistic growth and/or 
maximum size reached 
with decline. 


From aerial photographs 
15 years apart. 


Jonkman 1980 


Lasius flavus Linear increase Correlate 3 nest dimensions Waloff and Blackith 
to age for 8 years. N=8 1962 
colonies. 
Pogonomyrmex Growth rate declines Can fit linear function Wiernasz and 
occidentalis with colony size to data (i.e., logistic) but Cole 1995, 


huge scatter in data means 
other declining functions 


fit equally well. 


unpubl, data. 
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that a logistic function with overlaid periodicity fit the colony size data that 
he and co-workers collected. While logistic colony growth is generated by 
a negative linear function between growth rate and colony size, virtually 
any sort of negative relationship between growth rate and colony size will 
result in an upper limit to colony size, especially when combined with 
mortality. 

There are more data on the size distributions of colonies than age distri- 
butions in nature (Figure 4.3). Size information from sufficient numbers of 
colonies to generate a distribution limits the number of studies that can be 
included. Additionally, it is important that the data be comprehensive and 
not restricted to mature or representative colonies, as this biases data to 
larger colonies. I have standardized the presentation of the data so that the 
frequency distribution is divided into ten size categories with a maximum 
relative frequency near one. Species may have a declining distribution 
(Figure 4.3a), a right-skewed distribution (Figure 4.3b), or a left-skewed 
distribution (Figure 4.3c). 

The differences in size distribution reflect differences in colony growth 
and survival, but we cannot completely disentangle their relative contribu- 
tions. Declining distributions are most likely to be associated with very 
high mortality rates relative to colony growth. A fairly short life span or 
tremendous differences among colonies in growth rate may also con- 
tribute to this pattern. While we do not have information about demo- 
graphic properties from species with these characteristics, they represent 
a suite of covarying characters that are required to produce the observed 
distributions. Distributions that are skewed left may indicate that those 
colonies that achieve a maximum size have a long life span. There has been 
no systematic investigation of the life history correlates of colony size dis- 
tributions, but the fact that there is considerable variation suggests that it 
may prove profitable to explore them. 

It can be useful to determine the age distribution to associate with a 
particular stage (e.g., colony size). That there is an age distribution rather 
than a particular age is due to the fact that not all colonies of the same size 
will be the same age. To determine the distribution of ages within stages 
requires information that can be obtained from the S matrix: the popula- 
tion growth rate and the stable stage distribution, stage-based fecundity, 
and stage-based survival. For P. occidentalis the distribution of ages within 
a stage (see online appendix) is shown in Figure 4.4. Because colonies can 
increase or decrease in size, the age distribution of larger colonies is flatter, 
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Figure 4.3. Several representative colony-size distributions. Species do not fall 
into three categories, they are just shown that way for presentation. A: @— 
Polyrhachis dives, Yamauchi et al. 1987; ™—Dolichoderus quadripunctatus, 
Torossian 1967; ¢—Aphaenogaster rudis, Talbot 1951. B: ®@—Myrmica rubra, 
Elmes 1973; @—Tetramorium caespitum, Brian et al. 1967; @—Dolichoderus 
pustulosus, Kannowski 1967. C: @—Odontomachus haematodes, Colombel 
1970; ™—Pogonomyrmex occidentalis, Wiernasz & Cole unpubl. data; ¢— 
Myrmica schencki, Talbot 1945. The range of colony sizes is divided into ten 
categories and the most abundant size class is set to near 1. 
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Figure 4.4. The age-within-stage frequency distributions for the seven size 
classes (i—vii) of P occidentalis used in this chapter. Each line represents the 
probability that a colony in an observed size class will be a given age. Very small 
colonies (stage i) are very likely to be young, while size class vi shows much 
greater variation in size. Some colonies grow directly to a given size while 
others decline to this size after being much older. 


with long tails. The distribution gives an estimate of the ages of colonies 
that occur in a population with the stage transition matrix S. 


Life History Evolution 


I have been trying to assemble data on the demography of ant species so 
that it is possible to make inferences about age- or stage-based survival and 
age- or stage-based reproduction of the species. With this information one 
can obtain several derived parameters such as life expectancy, population 
growth rates, and stable age or stage distributions. The goal of obtaining 
these data is to use the information to make inferences about the strength 
of selection operating on supposed adaptations. For that a different tool is 
necessary. 


Reproductive Value 


A population that has a consistent pattern of age-related mortality and re- 
production will eventually attain a stable age distribution. Fisher (1930) 
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introduced the concept of the reproductive value of an individual of age x 
in a population that has reached a stable age distribution: 


er(x-l) 


V(x) = es X Uxa) 


P 


where I(x) is the probability of surviving to age x, m(x) is the reproductive 
output at age x (i.e., the schedules of mortality and fecundity that we have 
been discussing), and r is the rate of population increase (Roff 2002). If the 
population size is not changing (r = 0), the reproductive value (of a female) 
at age x is the expectation of future reproductive success. Additional mor- 
tality (i.e., selection) will have a disproportionate effect when it operates 
on individuals with higher reproductive value. Reproductive value rises to 
a maximum at about the age of first reproduction and then declines inde- 
pendently of senescence, simply due to the greater cumulative probability 
of mortality. To understand the operation of natural selection in a popula- 
tion, it is necessary to understand the age-specific schedules of mortality 
and fecundity and the growth of the population. To determine whether a 
change in life history is at a selective advantage, we can examine the 
change in the reproductive value function. 

The age-specific reproductive value is the dominant eigenvector of the 
transposed Leslie matrix (see Figure 4.5 for the P. occidentalis data set). By 
estimating the age-specific survival to be 0.9 after the age of 10 years, this 
function has been extrapolated beyond the actual duration of this study. 
There are not, to my knowledge, other comparable data for ants. Repro- 
ductive value reaches a peak at around 6 to 7 years of age and then declines, 
but the value of future reproduction is usually greater than that of current 
reproduction. For example, if a colony is more than 7 years old, the value of 
current reproduction is about 0.6 (the probability of reproducing), while 
that of reproduction next year is 0.8 x 0.6 (survival x reproduction) =0.48 
and in 2 years is 0.8? x 0.6=.38. The value over the next 2 years of repro- 
duction (0.86) outweighs the value of reproduction this year. This means 
that it is difficult for any strategy that increases current reproduction at the 
expense of future reproduction to be advantageous. Because survival is 
rather high from year to year, reproduction to exhaustion is not expected. 
Bang-bang control strategies, in which colonies invest all resources in 
colony growth until a critical moment when they switch all resources to 
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Figure 4.5. The reproductive value function for the harvester ant P. occidentalis. 
Reproductive value is standardized so that it is 1 in the earliest age category— 
reproductive value is measured with respect to this. Reproduction does not 
begin until age 5-6, so that the increase in reproductive value before that is a 
function of survival to greater ages. The decrease in reproductive value after 
age 10 reflects accumulating mortality rather than a decline in reproduction. 


reproduction, have been elegantly analyzed in annually reproducing 
vespids (Macevicz and Oster 1976). Such a life history is not expected in 
this long-lived ant species, but until we have information that is obtainable 
only from the demographic data that allows us to calculate reproductive val- 
ues can we estimate how valuable future reproduction may be. 

With the distribution of ages within stages, it is possible to compute the 
mean age (and confidence intervals) of colonies of a given size. The repro- 
ductive value function calculated for the age-based demography for P. oc- 
cidentalis (circles) is shown in Figure 4.6. The reproductive value of the 
oldest age category includes the reproductive value of individuals that are 
2 10 years old. The squares show the function derived from the reproduc- 
tive value of each size category of the population and the mean age of 
colonies that are in that size category. Inferences made using measures of 
reproductive value obtained from age-based and size-based survival and 
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Figure 4.6. The reproductive value function calculated from age-based data 
(circles) and using size-based data to infer average age (squares). The 
reproductive value of the oldest colonies includes the summed reproductive 
value for the rest of their life. The size-based reproductive value calculates the 


reproductive value of a size category and associates a particular age by 
calculating the mean of the age-within-stage distribution given in Figure 4.4. 


reproduction would probably be the same. It is not possible currently to 
know whether other species will give similar results and therefore how 
broadly this can be applied. 


Investigating Adaptation 


It is a rather simple matter to investigate the selective advantage or disad- 
vantage of a particular change to a life history by altering the terms of the 
age- or stage-based matrix. For example, suppose one wanted to deter- 
mine whether a strategy that resulted in increased probability of reproduc- 
tion in 1 year and decreased probability of reproduction and survival in the 
following year was advantageous. Within a demographic context, we could 
solve that quantitatively. For combinations of the size and stage of an 
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effect, we can determine whether the eigenvalue of S had increased or de- 
creased; that is, whether an individual with this life history would have a 
greater or lower intrinsic growth rate and thus whether the trait was selec- 
tively advantageous or disadvantageous. The reproductive value function, 
calculated from the same matrix, is also changed and the magnitude of the 
change of alternative life history or behavioral strategies could be mea- 
sured. We have the opportunity to quantify the magnitude of selection on 
life history differences, but only with information on the age/stage-specific 
mortality and reproduction. This leads us into a more analytic stage in the 
behavioral ecology of social insects. 

The size distribution of colonies should be the result of the size transi- 
tion matrix, S (contingent on the assumption that the population approxi- 
mates the stable size distribution). This matrix condenses information on 
survival, growth, and reproduction of colonies. The conclusion that one is 
forced into is that the S matrix of populations—the patterns of survival, 
growth, and reproduction—vary enormously (see Figure 4.3). This is an- 
other way of emphasizing that understanding the variety of demography 
in ant populations is guaranteed to generate interesting and surprising 
results. 


Conclusion 


Tschinkel (1991) called for the development of a subfield within social in- 
sect biology that he called “Sociometry.” He made the point that in study- 
ing the biology of social insects, we have skipped over the step of gathering 
basic information on the colonies and life cycles of social insects. The situ- 
ation in ants has improved somewhat, in no small part due to Tschinkel’s 
work. However, we are still lacking most quantitative information on de- 
mography. 

In this chapter both the utility of demography in social insect evolution- 
ary biology and the lack of data for most species is emphasized. It is not 
very likely that the species that have received the most attention are in any 
way representative of ants in general. Pogonomyrmex ants, which have the 
best demographic information, form large colonies with very long-lived 
queens. They produce colonies that are genetically diverse, due to multiply- 
mated queens, and the colonies gather seeds as a main food source. This 
deviates in every way from more typical ants. Leaf-cutter ants, which also 
have substantial demographic data, have the same list of oddities only 
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perhaps more extreme-they also have multiply-mated queens, huge 
colonies, and the most intricate caste system specialized for processing 
vegetation and cultivating fungi. The demography of fire ants is known pri- 
marily from its introduced range (Tschinkel 2006). The list of species that 
are well known are those that have advantages for collecting demographic 
data, so it is important to remember that we are not in a position to make 
generalizations about ant demography. However, the acquisition of these 
data in more species is necessary for understanding the dynamics of evolu- 
tionary change. 
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CHAPTER FIVE 
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Control of Termite Caste Differentiation 


COLIN S. BRENT 


ONE OF THE DEFINING features of eusociality is a reproductive division 
of labor, with the offspring of one or a few fecund individuals being cared 
for by functionally sterile nestmates (Wilson 1971). In more derived social 
insects, these nonreproductive individuals have evolved into specialized 
castes exhibiting different behavioral repertoires and sometimes profound 
morphological modifications. Specialized castes are expected to enhance 
colony efficiency, but this requires adequate mechanisms to optimize colony 
composition (Oster and Wilson 1978). During their evolution, these con- 
trol mechanisms faced both phylogenetic constraints and selective pres- 
sures from the competing strategies of different castes. As a result, rigorous 
comparative studies have the potential to provide significant insights about 
what drives and shapes social complexity. Unfortunately, acquiring infor- 
mation about caste mechanisms has faced substantial technological con- 
straints and for the vast majority of species there is a paucity of substantive 
data. 

During the last decade, as new techniques and improved instruments 
have become available, there have been some important advances in our 
understanding of the exogenous and endogenous controls regulating caste. 
The majority of these studies have focused on genetic, hormonal, and 
pheromonal caste regulation in the eusocial Hymenoptera. Oddly, ter- 
mites (Order Isoptera), one of the most socially complex, evolutionarily in- 
teresting, and economically important groups, have been comparatively 
neglected. This is especially surprising given that some of the earliest stud- 
ies of colony dynamics, and the roles of hormones and pheromones, were 
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conducted with termites (e.g., Grassi and Sandias 1896; Heath 1903; Imms 
1919; Liischer 1952, 1960). Although this focus on the Hymenoptera has 
increased our understanding of social evolution and caste composition in 
this order, it has done little to enhance our knowledge of the termites given 
their fundamentally different origins. Unlike the Hymenoptera, termites 
have hemimetabolous development, bisexual societies, and diplo-diploid 
sex determination, all of which may have profoundly influenced adapta- 
tions favoring sociality (Noirot 1989). Fortunately, a new generation of re- 
searchers is again looking to the termites with better tools and a host of 
long-standing hypotheses to be tested. 


Social Control of Development 


Our current understanding of the mechanisms controlling termite caste 
differentiation is fragmentary and focused on just a few species. For some 
termites caste differentiation is a relatively flexible process (Kalotermiti- 
dae, Termopsidae, some Rhinotermitidae), while in others the process is 
more restricted and occurs earlier (Hodotermitidae, Mastotermitidae, 
Termitidae, and some Rhinotermitidae). Although there is a division be- 
tween reproductive and neuter castes in both groups, only in the latter 
group is a true worker morph found (Figure 5.1; Noirot 1985a, 1985b). It 
is likely that the earliest regulatory mechanisms to evolve were those 
limiting reproduction to just one or a few members of a colony. The most 
parsimonious means to generate this mechanism would be through modifi- 
cation of pre-existing controls used to guide normal maturation in the sub- 
social ancestors of termites, the prototermites. A simple delay in the 
imaginal molt might have been sufficient to retain colony members that 
could then serve as helpers. In the closely-related roaches (Kambhampati 
1995; Nalepa and Bandi 1999), whose development may be representative 
of the ancestral condition, there are numerous examples of how stimuli 
from conspecifics can affect the timing and extent of reproductive activity 
(Engelmann 1970; Gadot, Burns, and Schal 1989; Nalepa 1994; Holbrook, 
Bachmann, and Schal 2000). As social complexity grew in prototermites 
and termites, the ancestral regulatory mechanisms may have undergone 
considerable elaboration to accommodate caste controls, or completely 
novel mechanisms may have evolved. 

Within the few extensively studied eusocial insects, there is tremendous 
variability in the stimuli used to influence the development of nestmates. 
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Figure 5.1. Several castes found in colonies of Zootermopsis nevadensis. 
Shown are: (L) a larval helper (not a true worker caste) with a relatively 
undifferentiated body plan; (N) a neotenic reproductive with a larval form 
but a pigmented cuticle; (P) a prealate with wing buds; and (S) a soldier with 
enlarged mandibles and legs, and a pigmented body. Photograph courtesy of 
J. Liebig. 


Some species utilize aggressive interactions to assert reproductive domi- 
nance (West-Eberhard 1978; Cole 1981; Michener 1990; Packer 1993), 
while others rely on pheromones, often in combination with behavioral in- 
teractions (Lüscher 1972; Zimmerman 1983; Réseler and van Honk 1990; 
Spradbery 1991; Keller and Nonacs 1993; Vargo 1998; Slessor, Foster, and 
Winston 1998). These cues can directly influence conspecifics such as primer 
pheromones, which can modulate endocrine activity (Wilson and Bossert 
1963). Whether these are honest signals promulgating a self-regulatory re- 
sponse that is beneficial to nestmates or manipulative signals that benefit 
only the reproductive may vary considerably between species (Keller and 
Nonacs 1993). 

In termites, the social control of reproduction is complicated by the ex- 
istence of two reproductive forms, primary and secondary, that have their 
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development arrested at different stages. Primary reproductives are indi- 
viduals that leave their natal nest as winged alates to found new colonies 
(Thorne 1996; Roisin 2000). Maturation into an alate is limited to a subset 
of individuals and occurs after successive molts that include a nymph stage 
where the individual possesses wing buds (Noirot 1990). Social stimuli 
may regulate which individuals pass through each stage, but the evidence 
to date is sparse (Korb and Schmidinger 2004; Korb, this volume). Zim- 
merman (1983) suggested that workers may limit the number of nymphs 
developing into alates by destroying their wing buds; such evidence of mu- 
tilation has been found in several species (Roisin 1994) but there is scant 
support for such manipulation (Korb 2005), and other factors such as the 
age distribution of larvae, the availability of colony resources, and seasonal 
environmental effects may be more important (Noirot 1985a; Noirot 
1985b; Korb and Katrantzis 2004). The strongest evidence for social con- 
trol of maturing primaries is observed after their adult molt, when they re- 
main reproductively inactive until leaving their natal nest on their nuptial 
flight (Noirot 1969). The inhibition was assumed to be an effect of sup- 
pressive stimuli from functional reproductives, which may be the case for 
those termites in which removal of the king or queen can lead to one or 
more alates becoming reproductively active within their natal nest (Noirot 
1985b, 1990). However, for some primitive termites there is mounting ev- 
idence that their reproductive development may be controlled by in- 
hibitory stimuli from other alates (Hewitt et al. 1972; Greenberg and Stuart 
1979; Brent and Traniello 2001a; Brent, Schal, and Vargo 2005) and pro- 
moting stimuli from mates (Hewitt et al. 1972; Vieau 1990; Brent and 
Traniello 2001a; Brent, Schal, and Vargo 2005). 

The development of secondary reproductives, which arise as replace- 
ments to ill or absent reproductives within their natal nest (Thorne 1996; 
Roisin 2000), is normally arrested before they can molt away from a neuter 
caste. The origins of secondary reproductives can vary widely depending 
on the species studied, but in species lacking a true worker they are usually 
derived from either older larvae or pre-alates (Miller 1969; Noirot 1985a, 
1990; Myles 1999). The pattern of their differentiation may be the result of 
an incomplete expression of the alate phenotype (reviewed in Myles 1999), 
the result of selection for heterochronous changes in developmental tim- 
ing (Nalepa and Bandi 2000). In termites with a true worker caste, re- 
placement reproductives are often derived from alates remaining in their 
natal nest (Myles 1999), although worker- and nymph-derived forms can 
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occur (Noirot 1990). The principal control over sexual maturation of sec- 
ondaries appears to be exerted by functional reproductives, particularly in 
primitive species as demonstrated by numerous orphaning experiments 
(Liischer 1956; Lenz 1985; Noirot 1985a, 1990). Reproductives might also 
promote maturation of opposite-sexed replacements (Liischer 1975; Brent 
and Traniello 2001b). 

The specific stimuli responsible for inducing reproductive suppression 
are unknown even for the best studied termites. Although inhibitory 
primer pheromones have been long suspected (Light 1944; Liischer 1974, 
1976; Bordereau 1985), there is no definitive proof of their existence. Sex- 
specific pheromones used for mate recognition (Pasteels and Bordereau 
1998; Bordereau et al. 2002; Peppuy, Robert, and Bordereau 2004) and 
caste-specific cuticular hydrocarbon profiles (Sevala et al. 2000; Uva, 
Clement, and Bagneres 2004) both occur in termites, but their effects on 
gonadal development have yet to be tested. Agonistic interactions are an- 
other possible mechanism for limiting sexuals, and reproductives have 
been observed to engage in direct combat to displace or eliminate poten- 
tial competitors (Ruppli 1969; Myles and Chang 1984; Lenz 1985; Lenz 
et al, 1985; Shellman-Reeve 1994; Myles 1999). Functional reproductives 
might also indirectly influence nestmate development by manipulating the 
behavior of workers. Workers aggressively purge supernumerary repro- 
ductives in some species (Mensa-Bonsu 1976; Myles and Chang 1984; 
Myles 1999; Miyata, Furuichi, and Kitade 2004) and, given the depend- 
ence of most reproductives on workers for task assistance and nutrients, 
they may also eliminate others through neglect (Light and Illg 1945; Buchli 
1958; Lenz 1976, 1994; Mensa-Bonsu 1976; Greenberg and Stuart 1979; 
Grandi, Barbieri, and Colombo 1988; Vieau 1990; Myles 1999; Brent and 
Traniello 2001c). 

Soldier development may be inhibited by social cues similar in nature to 
those regulating reproductive development. This would be especially 
probable if the soldier caste was a direct evolutionary offshoot of the re- 
productive development program, as has been suggested (Myles 1986, 1988; 
Thorne, Breisch, and Muscedere 2003; but see Roisin 2000). The cost of 
maintaining this dependent defensive caste would have favored the evolu- 
tion of a mechanism to optimize their number (Oster and Wilson 1978). In 
incipient colonies only one or a few soldiers will develop, but as the colony 
matures their number increases in proportion with worker availability 
(Noirot 1969). Although nutritional dependence leaves soldiers susceptible 
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to loss through worker neglect, there is ample evidence that soldier- 
produced pheromones inhibit nestmate differentiation (Castle 1934; 
Springhetti 1970; Nagin 1972; Renoux 1975; Lefeuve and Bordereau 
1984; Hrdy 1976, 1985; Korb, Roux, and Lenz 2003; Park and Raina 2003, 
2004, 2005). Although no specific pheromones have been identified, they 
appear to be associated with secretory products from the soldiers’ heads 
(Lefeuve and Bordereau 1984; Korb, Roux, and Lenz 2003; Roux and 
Korb 2004). There is also some indication that stimuli from functional re- 
productives may promote soldier differentiation (Miller 1942; Bordereau 
and Han 1986), which could work in conjunction with inhibitory stimuli to 
regulate the proportion of soldiers developing. External factors, such as 
the prevalence of competitors or predators, distance to suitable foraging 
locations, and physical characteristics of the nesting site are also likely to 
influence soldier number. 

The social control of worker development is one of the most problematic, 
neglected, yet critical areas of termite caste differentiation research. A 
great deal of variability in what constitutes a worker, coupled with varying 
degrees of developmental flexibility across the Isoptera, creates a compli- 
cated picture. In termites without true workers, there is a dependence on 
relatively undifferentiated larval helpers to perform colony tasks. These can 
be derived larvae following a course of prolonged static development, 
which may be a default condition given that most will be inhibited from de- 
veloping into secondary reproductives or soldiers. They can also be derived 
from nymphs or adult forms which have undergone a regressive molt. Some 
individuals eventually differentiate into alates, but this may be delayed 
pending accumulation of sufficient endogenous resources or colony condi- 
tions that support alate development (LaFage and Nutting 1978; Noirot 
1985a; Lenz 1994). By retaining a larval form, these individuals maintain all 
their developmental options and can readily respond to changing colony 
conditions. Some of this flexibility has been lost in termite species with a 
true worker caste. Unless exposed to a permissive social environment dur- 
ing a critical window in their early development, larvae in these colonies 
differentiate into a distinct neuter caste and lose the option to mature into 
alates (Noirot 1985b; Noirot and Bordereau 1990). Despite this loss, true 
workers often maintain the ability to become soldiers, and in some species 
can become replacement reproductives (Noirot 1969; Noirot 1985b). 

For both larval helpers and true workers, current evidence suggests 
mechanisms preventing individuals from differentiating away from the 
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worker caste rather than promoting differentiation toward it. But until 
such inhibitory cues have been clearly identified and shown to be suffi- 
cient for maintaining the caste ratios observed in healthy termite colonies, 
we cannot eliminate the possibility of promoting stimuli produced by nest- 
mates. It is also possible that caste fate may be determined by factors out- 
side of the social environment. In termites with true workers, queens may 
influence the differentiation of their offspring by sequestering regulatory 
hormones in their eggs (reviewed in Lanzrein, Gentinetta, and Fehr 1985). 
Genetic differences between individuals might also cause a predisposition 
toward worker differentiation (Goodisman and Crozier 2003). And finally, 
the nutritional and physiological state of an individual may be crucial in 
determining which caste options are available (reviewed in Lenz 1994). 


Endocrine Control of Development 


Although the specific social stimuli influencing caste differentiation have 
not been identified, there is progress elucidating the transduction of these 
social signals into physiological responses. Caste changes occur during 
molting (Hartfelder and Emlen 2005) when variations in endocrine activ- 
ity determine gene expression (reviewed in Hartfelder and Emlen 2005; 
Zitnan and Adams 2005). Social stimuli may influence development by 
directly or indirectly manipulating endocrine activity. The primary en- 
docrine regulators of development and reproduction for insects are ecdys- 
teroids and juvenile hormones (JH) (Goodman and Granger 2005; Raikhel, 
Brown, and Belles 2005; Zitnan and Adams 2005). Ecdysteroids play a 
prominent role in activating gene transcription via the ecdysone receptor 
(EcR) to regulate insect development and molting. In termites, the roles 
of various ecdysteroids have not been identified, but 20-hydroxyecdysone 
and ecdysone are the known predominant forms (Bordereau et al. 1976; 
Delbeque et al. 1978; Okot-Kotber 1983). The exact sources of these ecdys- 
teroids have not been identified for termites, but they are probably pro- 
duced by the prothoracic glands in neuter castes and by the gonads in 
reproductives (Noirot and Bordereau 1990; Brent, Schal, and Vargo 2005). 
Despite the regulatory importance of these steroidal hormones and the 
ready availability of methods to both monitor and manipulate its titer, few 
studies have been conducted to understand its role in termite morphogen- 
esis and reproduction. 

Juvenile hormones have received much more attention than ecdysteroids, 
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although understanding of their role in termite caste differentiation is still 
limited. The only homologue identified in the few termite species exam- 
ined is JH III (Meyer et al. 1976; Greenberg and Tobe 1985; Park and 
Raina 2004; Yagi et al. 2005), but other forms or metabolic products, such as 
JH-acid, may be active. JH is produced by the paired corpora allata glands, 
whose activity is reversibly suppressed by allatostatins (Goodman and 
Granger 2005). These neuropeptides are produced by the brain and have 
only recently been identified in termites (Yagi et al. 2005), creating new 
opportunities to identify the role of JH in morphogenesis. JH may influ- 
ence caste differentiation by modulating the gene transcription activity of 
the ecdysone receptor (Barchuk, Maleszka, and Simões 2004; Henrich 
2005). JH also promotes the production of vitellogenins and hexamerins in 
termites (Scharf, Wu-Scharf, et al. 2005; Zhou, Tarver, et al. 2006), and these 
storage proteins can affect hormone titers and metabolic processes crucial 
to development (Sappington and Raikhel, 1998; Burmester, 1999; Zhou, 
Oi, and Scharf 2006c; Zhou, Tarver, et al. 2006). 

As with all other aspects of termite caste differentiation, current infor- 
mation on hormonal regulation of normal development is fragmentary and 
from just a few species. Information on one of the most fascinating pro- 
cesses occurring in termites, the regressive molt, is nonexistent. The best 
defined mechanism is for the inducement of soldier development. A high 
concentration of JH in the hemolymph has been shown to promote differ- 
entiation into a presoldier or soldier in numerous species (Liischer 1972; 
Wanyonyi 1974; Lenz 1976; Howard and Haverty 1979; Okot-Kotber 
1982; Okot-Kotber et al. 1991; Korb, Roux, and Lenz 2003; Scharf, Wu- 
Scharf, et al. 2003; Park and Raina 2004, 2005; Mao et al. 2005). This in- 
crease occurs either during or after peak concentrations of ecdysteroids 
that coincide with the initiation of the molt, and appears to enhance 
mandible development and cuticle deposition (Okot-Kotber 1983). Ter- 
mites cease molting after becoming soldiers (Noirot 1985a, 1985b), which 
may be the result of becoming hormonally locked into their caste. Recent 
advances in termite genomics are showing how these hormonal changes 
promote soldier development by inducing differential gene expression 
(Miura et al. 1999: Miura 2001; Scharf, Ratliff, et al. 2003, Scharf, Wu- 
Scharf et al. 2003; Scharf, Wu-Scharf, et al. 2005; Koshikawa et al. 2005). 

The control of reproductive differentiation is less well understood and 
the available data is not always in agreement. Current evidence indicates 
that molting individuals with low JH titers are competent to differentiate 
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toward a reproductive caste (Lüscher 1972, 1974; Wanyonyi 1974; Yin and 
Gillot 1975; Korb, Roux, and Lenz 2003: but see Greenberg and Tobe 
1985; Hartfelder and Emlen 2005), while those with moderate JH titers 
have stationary molts preventing gonad development (Liischer 1972, 
1976). Most of the focus of this research has been on the role of JH, but in- 
teractive effects with ecdysteroids and the timing for the release of both 
hormones are doubtless crucial in determining the course of development. 
Even after the molt to a reproductive form, egg production is still under 
hormonally-mediated social control. In alates of Zootermopsis angusticol- 
lis, reproductive inhibition appears to be correlated with a high JH titer 
and low ecdysteroid titer. The shift to a reproductive state appears to re- 
quire an increase in ecdysteroids and a decrease in JH during a brief or- 
ganizational period following disinhibition (Brent, Schal, and Vargo 2005). 
Stimuli from other immature primary queens delay these hormonal shifts, 
while stimuli from a male reproductive quicken the changes (Brent Schal, 
and Vargo 2007). Once the ovaries are ready, increasing JH appears to 
drive vitellogenesis (Vieau and Lebrun 1981; Greenberg, Kunkel, and Stu- 
art 1978; Greenberg and Tobe 1985; Brent, Schal, and Vargo 2005; Scharf, 
Ratliff, et al. 2005) and probably a host of other processes related to 
gamete production (Raikhel, Brown, and Belles 2005), but extensive re- 
search is still needed to delineate its exact role as well as that of the ecdys- 
teroids. 


Conclusions and Future Directions 


As this brief review suggests, there are numerous and large gaps in our un- 
derstanding of the process of termite caste differentiation. The first prior- 
ity is to better understand the proximate mechanisms involved. The most 
efficient approach will be to focus on a single species of termite rather 
than trying to construct a cohesive picture from fragmentary studies of nu- 
merous species. There is such tremendous variety even between closely 
related termites that findings in one species may not hold true for others, 
particularly with regard to influential social stimuli. The species chosen 
should be drawn from a group of termites that comes closest to approxi- 
mating the earliest termites. Basal species with small colonies nesting in 
discrete nests, such as found in the Termopsidae, would be the easiest to 
work with, although understanding more cosmopolitan and economically 
important pest species (Reticulitermes, Coptotermes, etc.) should be given 
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priority. Once a cohesive model has been constructed, studies can be ex- 
panded to look at other species with varying nesting habits and patterns 
of caste determination to see how the basic program might have been 
modified. 

Previously it had been a challenge to determine the nature and source 
of the stimuli to which maturing termites respond because of the normally 
protracted periods between exposure and an observable morphological re- 
sponse. Now that it is possible to monitor rapid changes in hormone titers 
and gene expression in response to social conditions, more effective and 
sensitive bioassays can be designed to determine which stimuli are rele- 
vant and how they act. Stimuli that may be of particular interest are the 
epicuticular hydrocarbons. The expression of these lipids varies signifi- 
cantly between species and between castes (Bagnéres et al. 1991; Haverty 
et al. 1996; Vauchot et al. 1996; Clément and Bagnéres 1998; Sevala et al. 
2000; Klochkov, Kozlovski, and Belyaeva 2005). Hydrocarbons may en- 
code individual-specific information that can influence the development 
and behavior of nestmates. Currently, they are the best candidate for ter- 
mite primer pheromones and there are well-developed techniques and 
bioassays to determine their composition and function. But other elements 
of the termite’s social and physical environment should also be re- 
examined using these more sensitive assays, for these stimuli may act cu- 
mulatively to regulate caste determination. 

Determining how exogenous stimuli are transduced into developmental 
responses that influence caste has also become significantly easier with the 
development of effective means for manipulating hormonal titers. A vari- 
ety of agonists, antagonists, and regulatory peptides (i.e., allatostatins) and 
proteins (i.e., carriers, enzymes, etc.) are now available. These can be used 
to fully elucidate the control and role of the endocrine system in mediating 
responses to hydrocarbons and other candidate stimuli. Identifying inter- 
active effects between the endocrine system and individual developmental 
state is of particular importance. In addition, using antibodies to the hor- 
mones and their receptors can reveal the sites of synthesis, storage, and ac- 
tivity of the hormones, and may also reveal which parts of the brain are 
involved. 

Recent advances in caste-specific gene expression (Miura et al. 1999; 
Miura 2001; Scharf, Wu-Scharf, et al. 2003, Scharf, Wu-Scharf, et al. 2005, 
Scharf, Ratliff, et al. 2005 Cornette et al. 2006; Liénard et al. 2006; Zhou, 
Tarver, et al. 2006) also hold tremendous promise. They provide the 
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opportunity to understand how the endocrine responses to social condi- 
tions are translated into the observed morphological differences. They can 
also tell us about some of the functions of the various castes which might 
not be readily apparent from just their behavior. Gene expression can be 
manipulated by amplification and RNA interference to look for feedback 
mechanisms, interactive effects, and individual and cumulative contribu- 
tions to morphological and behavioral changes associated with specific 
castes. Current research is primarily focused on identifying gene expres- 
sion differences between fully differentiated castes; however, as we char- 
acterize the influence of exogenous stimuli and the endocrine system on 
caste differentiation, it will become increasingly easier to control the tim- 
ing and direction of development so that gene expression can be moni- 
tored at the most crucial periods of caste determination. These new tools 
should greatly speed the process of discovery and will permit the creation 
of a fully detailed model of the caste differentiation process. 

An enhanced understanding of the proximate mechanisms regulating 
differentiation might also aid in better understanding the evolutionary ori- 
gins of termite castes. By extending these studies to include closely related 
subsocial roaches, additional basal termites, and more derived termites 
with true workers, it may be possible to determine which primitive mech- 
anistic elements for maturation have been conserved and how they have 
been modified to create distinct castes during the course of evolution. The 
endocrine processes involved in regulating reproductive maturation and 
activity in roaches and termites appear to share many common elements, 
and the types of social stimuli to which individuals respond could also be 
conserved. For instance, it is quite likely that the evolution of an apterous 
reproductive form involved duplicating the controls governing reproduc- 
tive development in primaries with a simple omission of the steps promot- 
ing wing development. Similar modification of existing developmental 
programs has been suggested for caste evolution in the eusocial Hy- 
menoptera (West-Eberhard 1996; Andam et al. 2004). Other mechanistic 
elements may prove to be novel. One such possibility might be the in- 
hibitory pheromones produced by unique organs in the heads of soldiers 
(Lefeuve and Bordereau 1984), especially if they utilize novel chemicals or 
means of delivery. Another might be the proximate mechanisms regulating 
the sexual division of labor in more advanced termites, which has received 
very little recent attention (Matsuura 2006). A clearer understanding of 
the origins of these various elements could highlight the phylogenetic 
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constraints faced by termites as they evolved and the means by which they 
overcame these hurdles. 

Comparative studies of caste differentiation within the continuum of 
termite species can enhance our understanding of the environmental con- 
straints that might have shaped termite evolution. Termites employ several 
different nesting and foraging strategies (reviewed in Noirot 1970). Some 
species, particularly the primitive Termopsids, create relatively short-term 
nests in the logs they are consuming for nutrients and normally only dis- 
persing alates will ever leave. Other species nest in centralized mounds out 
of which foragers are regularly sent to retrieve food and water. And still 
other species are subterranean and can have decentralized nests encom- 
passing a broad area. Temperature, humidity, nutrient availability, the per- 
vasiveness of predators and competitors, and other environmental factors 
could contribute to the nesting habits and caste composition of each species, 
just as they influence the process of caste differentiation (e.g., Korb and 
Schmidinger 2004; Liu et al. 2005, 2005b). Examining caste control mech- 
anisms in these differing species would reveal which environmental factors 
are the most influential and would highlight the interplay between phy- 
logeny and ecology during termite evolution. 

I anticipate that should a concerted effort be made over the next de- 
cade, the social and physiological mechanisms controlling termite caste 
differentiation can be substantially clarified. While it will never be possible 
to know all of the evolutionary steps that ancestral termites took toward in- 
creasing social complexity, a better understanding of some of the current 
adaptations to a eusocial lifestyle should illuminate part of this history and 
generate new questions. There are, of course, additional research direc- 
tions that could be explored than were addressed in this brief review, but 
there is very little now that we cannot undertake due to lack of technical 
innovation. In order to best utilize the rapid advances in our understand- 
ing of the Hymenoptera, we need to ensure a broad perspective which is 
best achieved through comparison with unrelated groups exhibiting simi- 
lar social complexity. While studies of social aphids and thrips are without 
a doubt of great interest, the key to a fuller understanding of the evolution 
of eusociality may lie in the hands of the Isopterists. 
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CHAPTER SIX 


We 


Termites: An Alternative Road to 
Eusociality and the Importance of 


Group Benefits in Social Insects 


JUDITH KORB 


SOCIAL HYMENOPTERA are favorite model organisms of kin selection. In 
contrast, termites have received much less attention even though they are 
the oldest social insects. In the Hymenoptera the evolution of eusociality 
has been linked with a genetic predisposition brought about by their hap- 
lodiploid sex determination. The diplodiploid termites lack this predisposi- 
tion, and several hypotheses have been put forward to account for their 
independent origin of eusociality. However, quantitative data testing these 
hypotheses have been rare. One question raised by recent studies of totipo- 
tent workers in a termite with an ancestral life-type is whether the workers 
really stay in order to gain indirect benefits by helping to raise siblings. This 
strongly contrasts with the role of workers in social Hymenoptera or higher 
termites. Instead, the potential for significant direct benefits through nest 
inheritance seem to be the driving force for these lower termite workers to 
remain in the natal nest. The safe nest environment, which offers a reason- 
able chance to become a philopatric breeder, must be seen alongside high 
mortality risks during dispersal to found a new colony. Such considerations 
show the importance of ecological and demographic factors in explaining 
complex insect societies (see also Cole, this volume). 

Furthermore, the advantages of living in a group, like emergent proper- 
ties, that arise through the interaction of many individuals (e.g., division of 
labor) might be fundamental forces that have been generally overlooked 
(see also Jeanson and Deneubourg, this volume). In the future, investigat- 
ing the size-dependent properties of these groups and quantifying their 
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benefits in natural systems may produce important insights about the 
causes for the evolutionary and ecological success of social insects. 


Background 


Kin selection, defined as the propagation of altruistic traits via relatives, is 
central to current theories explaining the evolution of social insects (Bourke 
and Franks 1995; Crozier and Pamilo 1996; Hamilton 1964). Insect soci- 
eties, exemplified by the termites, ants, and some bees and wasps, are typi- 
cally characterized by a reproductive division of labor where individuals 
forgo personal reproduction to help others reproduce (see also Peeters and 
Liebig, this volume). This behavior is usually directed toward close rela- 
tives. According to the kin selection theory, such altruistic behavior can be 
evolutionary favored when the benefit given to the relative, weighed by the 
relatedness between altruist and beneficiary, (indirect fitness) is larger than 
the costs in direct reproduction for the altruist (direct fitness) (Hamilton 
1964; Maynard Smith 1964). The importance of indirect fitness benefits, 
and especially of relatedness, was intensively studied in social Hymenoptera, 
which became the key organisms used to test kin selection theory (Bourke 
and Franks 1995; Crozier and Pamilo 1996; see also Boomsma, Kronauer, 
and Pedersen, this volume; Heinze and Foitzik, this volume). 

Termites (Isoptera) have received much less attention than the Hy- 
menoptera (Crozier and Pamilo 1996). (For a review on the proximate 
mechanisms underlying caste differentiation in termites, see Chapter 5). 
Their resemblance to ants, which is so striking that they are commonly re- 
ferred to as “white ants,” lead to the assumption of convergent evolution 
driven by the same common factors. Indeed, more than 75% of all termite 
species (all higher termites, Termitidae) are characterized by altruistic 
castes (workers and soldiers) that help to raise offspring and have a greatly 
reduced capability to reproduce (Kambhampati and Eggleton 2000; Roisin 
2000). However, the Termitidae are a highly derived group and cannot be 
used to assess how eusociality may have first evolved within the termites. 
In fact, recent quantitative studies of species from families with a life type 
that is thought to be ancestral in termite’s evolution suggest that this does 
not apply to them (for a recent discussion of termite phylogeny, see In- 
ward, Vogler, and Eggleton 2007; Korb 2007a). The direct benefits of in- 
heriting the natal nest rather than altruistic helping appear to be the main 
selective forces for the occurrence of defensive reproductive morphs in 
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dampwood termites (Thorne, Breisch, and Haverty 2003) and for workers 
in drywood termites (Korb 2007b). This contrasts sharply with social Hy- 
menoptera, where altruistic helping is generally thought to be the major 
driving force (probably with the exception of some wasps). 

Although it is generally difficult to deduce the ancient evolutionary his- 
tory from studies on extant species, research on wood-dwelling termites 
may allow one to draw important conclusions. As will be explained in de- 
tail below, the wood-dwelling life type has idiosyncratic properties (e.g., 
poor nutritive quality of food, bonanza type food resource) which per se 
set the selective environment for the evolution of cooperation and altruism 
in termites. Therefore, it seems reasonable to extrapolate the recent re- 
sults to the evolutionary history and conclude that in termites costly altru- 
istic helping probably only evolved after living in extended family groups. 
This implies that benefits from group living, such as protection against 
predators, increased parasite resistance, or division of labor, might have 
been essential for the transition toward truly altruistic helping and the evo- 
lution of eusociality. For extant termite species in which workers retain their 
reproductive options (all Termopsidae, Kalotermitidae, and Prorhinoter- 
mes), only sterile soldiers that occur after the colony has reached a thresh- 
old size exhibit true altruism (reviewed in Roisin 2000). 

The known principle factors that have influenced the social evolution of 
termites are their nesting and foraging habits. The basal termites (Ter- 
mopsidae, Kalotermitidae, and Prorhinotermes), which all have a flexible 
development, generally reside in and feed on a single piece of wood (so- 
called one-piece life type termites, Abe 1987; for simplicity I will call them 
“wood-dwelling termites” hereafter). Because they never leave the wood 
to exploit a new resource, group size is limited by resource availability 
within the natal nest. The switch to exploit new resources (“multiple- 
pieces life type” termites according to Abe 1987), which is seen in all cur- 
rent termites with true altruistic workers (Mastotermitidae, most 
Rhinotermitidae, and Termitidae; reviewed in Roisin 2000), is associated 
with costly foraging outside the nest and the necessity for brood care, 
which increases the indirect benefits of helping. 

In this chapter, I first summarize the state of the art in research on ter- 
mite social evolution, concentrating on workers of termites with an ances- 
tral wood-dwelling life type as their developmental flexibility offers 
unique opportunities to study factors influencing reproductive decision 
making. Soldiers will be treated separately as worker and soldier castes 
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have independent origins in termites (Noirot and Pasteels 1987), contrast- 
ing sharply with social Hymenoptera where soldiers are a behaviorally spe- 
cialized form of worker. Second, I explain why helping and indirect benefits 
are probably of low importance in these basal termites. Third, I discuss con- 
sequences of individuals staying at the nest, which should be a focus for fu- 
ture research. Fourth, I summarize the various factors that, during colony 
development, seem to influence the reproductive decision making of work- 
ers in wood-dwelling termites. Finally, by outlining why it might be justified 
to extrapolate these results for extant termites to their evolutionary history, I 
conclude with a potential explanation of why termites are a special case and 
why a similar transition to eusociality rarely happened in other diploid species, 
especially cooperatively breeding vertebrates to which wood-dwelling ter- 
mites are in many aspects more similar than to social Hymenoptera. 


Evolution of Workers in Termites: The Importance 
of Nest Inheritance 


As with other social insects, explanations for the evolution of termite so- 
ciality have for a long time focused on the role of genetics and kinship 
(e.g., see Boomsma, Kronauer, and Pedersen, this volume; Cole, this vol- 
ume; Heinze and Foitzik, this volume). In contrast to the haplodiploid Hy- 
menoptera, the diplodiploid termites do not have a system of sex 
determination providing an apparently easy genetic explanation for the 
evolution of eusociality (Queller and Strassmann 1998). The discovery of 
chromosomal translocations, in which a tight linkage of genes to the sex 
chromosomes occurs, seemed to provide a welcomed haplodiplody anal- 
ogy (Lacy 1980; Luykx and Syren 1979); however, chromosomal transloca- 
tions are not common in the clades thought to be closest to the 
noneusocial ancestors of termites, and the species in which such transloca- 
tions occur do not show the predicted sex-discriminative behavior (Crozier 
and Luykx 1985; Hahn and Stuart 1987; Leinaas 1983; Roisin 2001). An al- 
ternative genetic explanation evoked cycles of inbreeding and outbreeding 
to create conditions favoring altruism. Bartz (1979) suggested that unre- 
lated winged reproductives (alates) found new colonies but are later re- 
placed as king and queen by their own offspring, which remain in the 
colony and breed together. After several cycles of such replacements, 
highly inbred and therefore homozygous alate offspring are produced. As- 
suming that such inbred alates mate with unrelated, but equally inbred 
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partners, relatedness asymmetries comparable to those of the social Hy- 
menoptera could arise: offspring from the colony founders would be more 
related to each other than they would be to their own offspring, favoring 
altruism. Although inbreeding does occur in termites, the number of cy- 
cles is insufficient to produce highly inbred offspring and outbred repro- 
ductives often produce alates (e.g., Husseneder et al. 1999; Myles and 
Nutting 1988). Thus, exclusively genetic explanations have proven inade- 
quate and ecological conditions appear to be of paramount importance for 
the evolution of eusociality in termites (Korb 2008; Shellman-Reeve 1997; 
Thorne 1997). 

Philopatric benefits have been suggested to explain the evolution of 
termites staying at the nest, preceding helping behavior (Myles 1988; 
Shellman-Reeve 1997; Thome 1997); however, this hypothesis had never 
been explicitly tested. Similar to cooperatively breeding vertebrates, where 
some individuals (helpers) stay at the nest to gain direct benefits by an in- 
creased probability of future inheritance of a breeding position (Heinsohn 
and Legge 1999; Koenig and Dickinson 2004), termite workers could stay 
in their natal nest in the hope of replacing their parents (see also reproduc- 
tive skew theory: Johnstone 2000). Replacement or supplementary repro- 
ductives are common, especially in basal termites, where workers can 
develop via a single molt into neotenic reproductives when the same sex re- 
productive of the colony dies or shows signs of senescence (reviewed by 
Roisin 2000; Shellman-Reeve 1997; Thorne 1997). Roisin (1999) dismissed 
the philopatric explanation because founding reproductives are long-lived 
(Shellman-Reeve 1997; Thorne, Breisch, and Haverty 2002), therefore re- 
ducing opportunities for the first brood to inherit the nest and providing 
them little incentive to stay. However, field data were then lacking and nest 
inheritance may be more common than once thought (see below). Thorne, 
Breisch, and Muscedere (2003) noted that during intercolonial encounters 
for the dampwood termite Zootermopsis nevadensis, reproductives were 
the primary focus of attacks and were frequently killed, creating opportuni- 
ties for inheritance. At the same time the slow development of wood-nesting 
termites, resulting from their nitrogen-poor diet, necessitates a relatively 
lengthy stay of several years in the natal nest (Lenz 1994; Nalepa 1994; 
Shellman-Reeve 1997) during which the reproductives might die. As the in- 
dividuals also face few competitors for the breeding position compared to 
older, larger colonies, remaining in the nest can be selected. 

Another factor that increases the importance of nest inheritance as a 
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reproductive option for an individual would be a low probability of success- 
fully founding a nest (Johnstone 2000). The first available quantitative field 
data for reproductive survivorship in termites show that in the drywood ter- 
mite Cryptotermes secundus the probability of inheriting the natal nest is in 
the same order of magnitude as that for founding a new colony. In both cases 
more than 99% of all individuals die without a chance to reproduce (Korb 
and Schneider 2007). In this species, like in all wood-dwelling termites 
(Roisin 2000; Thorne and Traniello 2003), the workers are immatures (undif- 
ferentiated older larvae) that have the option to either develop into winged 
sexuals that leave the nest to found their own colony or to remain in the nest 
with a chance to become a replacement reproductive when the same-sex re- 
productive dies (Korb and Katrantzis 2004). A model based on long-term 
field data revealed that in C. secundus the number of individuals staying at 
the nest can be explained by the probability of inheriting the nest versus 
founding a new colony (Korb 2008). Depending on colony size, the age of 
the reproductives, and the potential longevity of the nest, the probability of 
nest inheritance changes and these three variables can accurately predict the 
number of individuals developing into dispersing sexuals in field colonies. 
This provides strong evidence that the workers adjust their “dispersal versus 
staying decision” according to reproductive opportunities. In contrast to co- 
operative breeding vertebrates that can search their environment for vacant 
breeding sites and adjust their decision to stay according to the chance to be- 
come a breeder elsewhere (Emlen 1997), wood-dwelling termites have no 
opportunity to check the availability of breeding vacancies as they remain in 
their natal nest until dispersal (Roisin 1999). Because numerous founding 
sites are available to C. secundus alates (Korb and Lenz 2004), the probabil- 
ity of successfully establishing a colony is relatively constant, and the decision 
to leave the colony only depends on the likelihood of inheritance. 

The cost-benefit ratio for staying at the nest also depends on the costs di- 
rectly associated with staying, such as delayed maturity, the possibility of 
local resource competition with relatives, or costs of helping, which may all 
reduce the residual reproductive value of individuals (Stearns 1992). These 
costs, however, seem to be negligible in C. secundus and may be offset by 
several benefits. First, workers of this and other wood-dwelling species are 
immatures that dwell in an environment sheltered from external conditions 
and predators (Roux 2004). They experience low extrinsic juvenile mortal- 
ity and their prolonged development allows them to accumulate the nitro- 
gen reserves necessary for improved reproduction. This selection for 
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delayed maturity (Stearns 1992) comes with relatively little costs on future 
survival and longevity. Second, local resource competition at the nest is ab- 
sent, especially within newly founded colonies where the food supply is 
ample. Food availability begins to decline only after several years and under 
these conditions workers develop into alates that leave the nest (Korb and 
Schmidinger 2004). Third, workers do not seem to engage in costly help. 
There is no brood care behavior and interactions among workers, like proc- 
todeal feeding and allogrooming, are reciprocal (Korb 2007b). Reproduc- 
tives also feed for themselves and the only individuals that needed to be fed 
are soldiers. This presents a minor cost as less than 5% of all individuals 
(median: 2%) are soldiers. On a per capita basis each worker feeds a soldier 
less frequently than once per day (Korb 2007b). In accordance with the 
lack of brood care, the development of workers into dispersing winged sex- 
uals is not influenced by the number of young offspring present at the nest: 
workers in colonies where the number of eggs and first and second instar 
larvae was experimentally increased were not more likely to stay in the nest 
than workers that had less “dependent” siblings (Korb 2007b). Thus, con- 
trary to general perception, these supposed termite workers apparently do 
not remain in their natal nest to gain indirect benefits by brood rearing, but 
rather in the hope of nest inheritance. Re-introducing the old-fashioned 
term “false workers” (Roisin 2000) for the developmentally flexible workers 
of wood-dwelling termites would nicely reflect their functional distinction 
from those of the “true workers” of the multiple-pieces nesting termites. 

The potential importance of nest inheritance in termites’ social evolu- 
tion was also recently shown by Thorne, Breisch, and Muscedere (2003). 
In the dampwood termite, Zootermopsis nevadensis, the development of 
soldier-like replacement reproductives is linked to intercolonial fusion 
events after which these soldier-like reproductives have a higher chance to 
inherit the colony as replacement reproductives. This implies that soldier 
traits of reproductives have an adaptive function in Termopsidae, but it is 
unlikely to explain the evolution of soldiers as, from a developmental point 
of view, they are reproductives rather than soldiers (Roisin 2000) and it is 
improbable for soldiers to become sterile if soldiers were originally repro- 
ductives (Roisin 1994, 1999; Jeon and Choe 2003). 

To summarize the state of the art in termite social evolution, there are 
only two detailed studies on reproductive survival and nest inheritance in 
wood-dwelling termites reflecting an ancestral life type and both suggest 
that indirect benefits of raising siblings are of minor importance relative to 
potential direct fitness gains. 
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Why Workers Do Not Help 


There are two non-mutually exclusive explanations for why workers of 
wood-dwelling termites do not help to raise siblings. First, the develop- 
ment and the life type of the wood-dwelling termites present a case where 
care for offspring is less/not needed and thus provides little benefit. In 
contrast to Hymenoptera, termites are hemimetabolous insects and the 
workers are in fact larval instars (see also Brent, this volume), although 
they can be morphologically specialized. This major difference between 
the two orders has long been stressed, but the full consequences were 
hardly ever considered (notable exception Nalepa 1994). The need for care 
in termites is limited as the young become independent very early. Gener- 
ally, individuals from the third larval instar onward can feed and care for 
themselves, and in young colonies even second instar individuals can be au- 
tonomous (e.g., reviewed by Shellman-Reeve 1997). Results for C. secundus 
and Cryptotermes domesticus show that second instar larvae regularly feed 
themselves regardless of the colony’s age. This is possible as the termites live 
inside their food. The eggs and first instar larvae are not cared for (Korb 
2007b), which suggests that they utilize body reserves, but certainly more re- 
search is necessary to reveal details. The lack of allogrooming of eggs and 
first instar larvae, a basic care behavior provided by parents or helpers to 
young in many species ranging from insects to mammals (e.g., Rosengaus 
et al. 1999; Solomon and French 1997), can be explained by the parasite- 
free environment these termites live in. Allogrooming is generally directed 
to remove ectoparasites and to prevent fungal infections, often by applying 
fungicides; however, very few microbes occur in the dry wood that these 
termites inhabit (Rosengaus et al. 2003). During rare outbreaks of mite in- 
festations C. secundus and C. domesticus lack effective means to ward off 
mites, but young instars are never infected with mites probably due to their 
small size (Korb and Fuchs 2006). It is not yet clear how the first instars ac- 
quire their gut symbionts when proctodeal feeding is absent, but feeding the 
shed skin from newly molted individuals can often be observed, even when 
the termite is still molting. Though it needs to be studied whether gut sym- 
bionts will survive this transfer, together with proctodeal feeding among 
older instars, this might be the mechanism to receive symbionts for the first 
inoculation of larvae and the re-inoculation after each subsequent molt. 

A second reason why workers may not help is that they are not forced to 
do so by the reproductives. According to the “pay to stay” model (Kokko, 
Johnstone, and Wright 2002), individuals have to help if their remaining at 
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the nest imposes costs on the parents by causing local resource competi- 
tion. In many species this competition causes either selection for offspring 
dispersal (Hamilton and May 1977) or for helping as a payment (Kokko, 
Johnstone, and Wright 2002). In wood-dwelling termites, food is a bo- 
nanza resource, meaning that it is abundant for a long time after founding 
a colony and that it generally outlasts by far the lifetime of the founding 
primary reproductives. Thus local resource competition between parent 
and offspring or among siblings is absent. This creates a unique opportu- 
nity for many siblings to remain safely within their natal nest, protected 
from environmental hazards such as predators, pathogens, or unfavorable 
climates. Because the benefit for their helping behavior would be low, 
there is little selection for helping to raise siblings. 


Consequences of Staying at Home: 
Benefits of Group Living 


The slow development toward maturation in wood-dwelling termites 
allows for the formation of an extended group. This offers additional bene- 
fits to those that stay as can be seen even among associations of nonrela- 
tives (Krause and Ruxton 2002; Wilson and Hölldobler 2005; see also 
Jeanson and Deneubourg, this volume; Pratt, this volume). Grouping can 
improve defense against predators; for example, through cooperative at- 
tacks as observed in colonial ground-nesting birds (reviewed in Caro 
2005). Dilution and predator saturation effects can also provide protection 
through numbers, even in nonsocial species (e.g., Caro 2005). Similar 
benefits probably also accrue to wood-dwelling termites. In C. secundus 
the main threat consists of intraspecific encounters where large colonies 
are more likely to win these encounters (Roux 2004; Roux and Korb 2004). 
Such encounters occur when two colonies which were founded in the 
same tree meet. This meeting can result in aggressive interactions where 
the same-sex reproductives of both colonies fight against each other (work- 
ers and soldiers are not directly involved in fights) and where the repro- 
ductives of the larger colony are more likely to kill the reproductives of the 
smaller colony. An additional general benefit to group living in termites 
may be an enhanced ability to resist disease (e.g., Traniello, Rosengaus, 
and Savoie 2002; see also Fefferman and Traniello, this volume). Grouping 
can buffer the effects of perturbations in both the social (e.g., Oster and 
Wilson 1978) and physical environment (e.g., Korb 2003), providing a 
greater resilience to the colony as a whole. 
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Another major advantage of extended grouping is that it facilitates the 
development of individual specialization on subsets of colony tasks (e.g. 
Alexander, Noonan, and Crespi 1991; Beshers and Fewell 2001; Fewell 
and Taylor, this volume). Such task specializations increase colony effi- 
ciency (Oster and Wilson 1978), thereby reducing the costs to remain in 
the colony. Division of labor resulting from such task specializations gen- 
erally seems to be a major incentive for the evolution of cooperation 
among separate units because it provides net direct benefits for each 
partner. Thus, similar to social insects, division of labor is regarded to be 
decisive for the evolution of cooperation among genes in chromosomes, 
of nuclear and mitochondrial genomes in eukaryotic cells, and among dif- 
ferentiated cells in multicellular organisms (Keller 1999; Maynard Smith 
and Szathmáry 1995). In C. secundus, colony tasks are divided between 
soldiers and the rest of the colony with soldiers performing some special- 
ized defensive functions like the plugging of galleries, while all other 
tasks, including generalized defense, are done by all colony members 
(Roux 2004). This organization may be similar for many basal termites 
(Rosengaus and Traniello 1993), although exceptions exist in species ex- 
hibiting temporal polyethism (Crosland 1997). In more derived termites 
division of labor among workers is common (e.g., Noirot 1989) up to very 
elaborate caste polymorphisms in fungus-growing termites (Macroter- 
mitinae) where age- as well as caste-polyethism occurs (e.g., Traniello and 
Leuthold 2000). 

Colony size appears to be a major determining factor in both the timing 
and degree of caste specialization. There is a strong association between 
colony size and the occurrence of the first soldiers in C. secundus (Roux 
and Korb 2004) and other termites (Haverty 1977; Haverty and Howard 
1981), and between maximum colony size and the caste complexity among 
termite families (reviewed in Shellman-Reeve 1997). These associations 
indicate that mutualistic benefits of division of labor only arise after the 
colonies reach a threshold size. As colony size increases, self-organizational 
processes add further attributes to colonies and differentiates them from 
simple groups (Camazine et al. 2001; Jeanson and Deneubourg, this volume; 
Queller and Strassmann 1998). For example, pheromone trails become ef- 
ficient recruiting mechanisms after a certain threshold group size is 
reached (Beekman, Sumpter, and Ratnieks 2001). Also, the construction of 
elaborate nests is a result of self-organization that provides effective pro- 
tection against predators and improved thermoregulation (Heinrich 1993; 
Korb 2003; Noirot and Darlington 2000). 
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This list of group advantages is far from complete, and although many 
were first defined by Michener in 1964, few have been systematically 
studied in either the social Hymenoptera or the termites (e.g., Karsai and 
Wenzel 1998; Shreeves and Field 2002). Nonlinear growth rates observed 
during the first years after colony foundation in many species (ergonomic 
phase; Oster and Wilson 1978) might reflect these advantages. As colony 
size increases so do the advantages of grouping, resulting in a faster growth 
rate. Once a colony reaches its maximal growth rate, which in C. secundus 
seems to be limited by the fecundity of the queen, the group starts to 
produce dispersing sexuals. The nonlinear effects during the ergonomic 
phase provide direct benefits to the individuals staying at the nest as 
well as indirect benefits as related individuals also gain through these 
advantages. This illustrates the importance group size advantages might 
play in social evolution (Karsai and Wenzel 1998; Korb and Heinze 
2004; Wilson and Hdlldobler 2005). To quantify these benefits in the fu- 
ture, trait-group selection models (multilevel selection) that partition 
selection into a within-group and between-group selection component 
might be helpful. Although these models are known to be equivalent to 
kin selection models (Frank 1998; Hamilton 1975; Wilson 1997), they 
can sometimes highlight important colony-level effects that might oth- 
erwise go unnoticed (Foster, Wenseleers, and Ratnieks 2006; Korb and 
Heinze 2004). 


Factors Influencing Reproductive Decision Making during 
Colony Development in Wood-Dwelling Termites 


According to the before mentioned results, the factors most important for 
reproductive decision making during colony development in wood-dwelling 
termites can be summarized as follows (Figure 6.1): wood-dwelling termites 
have a very slow development of several years due to their low quality 
food; this, together with the continued egg-laying of the queen, results in 
multi-age family groups (Figure 6.1b); and death of the reproductives dur- 
ing this period favors the development of neotenic reproductives. Thus, 
when the first individuals approach maturity, they: (1) live in a well pro- 
tected nest, (2) gain benefits from group living, (3) do not experience 
competition for food, and (4) have the chance to inherit the natal breeding 
position without strong competition among relatives. This favors individu- 
als staying at the natal nest (Figure 6.1c). 
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Figure 6.1. Crucial factors for reproductive decision making during colony 
development. Shown are colonies (circle) within wood blocks (rectangle), at 
different stages of development. Smaller circles inside the colonies present the 
castes: black=reproductives; gray=immature individuals (workers), where the 
size signifies the instar. Offspring sufficiently mature to leave the nest are 
indicated by the larger gray circles. An increased mortality probability of the 
reproductives is indicated by a gray bar through the circle. Different factors 
primarily influence the decision of mature offspring to stay or leave (indicated 
by arrows) during each stage of colony development: (C) direct benefits of nest 
inheritance; (D) direct benefits of nest inheritance plus direct and indirect 
benefits through group size advantages; (E) competition among relatives for 
breeding; (F) competition among relatives for food plus decreased benefits of 
nest inheritance. 
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With increasing colony size, group size advantages become more pro- 
nounced resulting in higher annual growth rates of colonies (Figure 6.1d), 
which in turn provides both direct and indirect benefits to individuals de- 
laying dispersal. Along with this increase in colony age the intrinsic mor- 
tality rate of the reproductives increase, but this becomes increasingly 
offset by a growing number of individuals competing to inherit the breed- 
ing position. Eventually, the colony will grow to a point when group size 
benefits no longer increase, and the probability per individual for inheri- 
tance of the nest begins to decline (Figure 6.le). In C. secundus this seems 
to occur when the colony reaches about 200 workers; it then has a steady 
growth rate of about 100 offspring per year which seems to be set by the 
fecundity of the queen. After reaching this size, a rather constant propor- 
tion of the workers leave the colony in C. secundus (Korb and Schneider 
2007). This leads to comparatively stable maximum colony sizes of around 
200 to 300 individuals. The last phase of colony development in wood- 
dwelling termites starts when the wood becomes limited. Then competi- 
tion among relatives occurs which results in a pronounced dispersal of 
almost all workers that are capable of doing so (Figure 6.1f) (Lenz 1994; 
Korb and Schmidinger 2004). Thereafter, the maximum colony size seems 
to be reduced to account for the decreasing value of the nest as an inher- 
ited resource. 


Conclusions 


Although it is generally problematic to deduce the evolution of sociality, 
which happened in the past, from extant species, the case of wood- 
dwelling termites allows us to draw some important conclusions. The ter- 
mites’ wood-dwelling life type is idiosyncratically linked with a unique 
combination of traits that favors offspring staying at their nest (Table 6.1). 
First, the nest provides a safe haven while dispersal involves considerable 
risk. These factors, coupled with the poor nutritive quality of their food, 
selects for a delayed maturation. Second, the bonanza-type food resource 
allows staying at the nest without appreciable costs to relatives. Third, 
hemimetabolous development and the ready availability of food allow even 
the youngest individuals to remain relatively independent of care from 
others, minimizing the costs to siblings that choose to stay in the natal nest. 
Fourth, the prolonged development of immature termites enhances the 
likelihood that they will be present in the natal nest when the reproductives 
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Table 6.1. Occurrence of traits favoring the evolution of delayed dispersal in wood-dwelling 


termites and cooperative breeding vertebrates. /: presence; —: absence. 
Helpers in: 

Wood-dwelling aaoo 
Traits termites Fish Birds Mammals 
Safe nest, costly dispersal A "y J J 
No local resource J = — —// 

competition at nest 

Independent young "4 — — — 


die, increasing the opportunity for nest inheritance. Thus, if the wood- 
dwelling life type is the ancestral state in termite evolution—and more and 
more evidence supports this general assumption (for recent reviews, see 
Inward, Vogler, and Eggleton 2007; Korb 2007a)—this idiosyncratic com- 
bination of factors follows as a by-product of their life type and selects for 
delayed dispersal with a chance to inherit the natal breeding position. Ac- 
cordingly, it seems likely that the first step in termites’ social evolution was 
large family groups without costly altruistic sibrearing. The emerging ad- 
vantages of living in a large group may then have further increased the in- 
centives for staying in the nest and lead to group sizes where the costs of 
altruistic helping via defense are offset by the indirect benefits of saving 
many relatives’ life. 

This stepwise evolutionary hypothesis with the occurrence of large fam- 
ily groups first also overcomes problems associated with the evolution of 
altruism in diploid organisms (Teyssèdre et al., 2006) and it might explain 
why eusociality is rare elsewhere in diploids. Teyssèdre, Couvet, and Nun- 
ney (2006) showed that the spread of altruism in diploids, but not in hap- 
lodiploids, requires a link between altruism and enhanced reproductive 
efficiency. This link is unlikely when a mutant-causing altruism occurs in a 
solitary organism. However, if such an altruistic mutant evolves in an al- 
ready established group of coexisting relatives then it can automatically in- 
crease group productivity, as is exemplified by a defensive soldier morph. 
The uniqueness of the combination of traits found in wood-dwelling ter- 
mites might explain why cooperatively breeding vertebrates, although fac- 
ing similar ecological conditions, rarely evolved eusociality (Alexander, 
Noonan, and Crespi 1991) (Table 6.1). 
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Generally, family groups in vertebrates are too small for the costs of 
altruism, for example through defense, to be offset by the indirect bene- 
fits of saving many relatives’ life. At least one reason for this limitation is 
the occurrence of local resource competition which selects for dispersal 
of mature offspring (Hamilton and May 1977) (Table 6.1). Interestingly, 
the eusocial mole rats, like the wood-dwelling termites, utilize Bonanza- 
type resources (Sherman, Jarvis, and Alexander 1991), thus avoiding 
local resource competition and selection for dispersal of mature off- 


spring. 
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The Evolution of Communal Behavior in 
Bees and Wasps: 
An Alternative to Eusociality 


WILLIAM T. WCISLO 
SIMON M. TIERNEY 


BEGINNING WITH DARWIN (1859), a fundamental question for research 
on social insects has concerned the evolution of divergent phenotypes 
among already-sterile individuals (Linksvayer and Wade 2005). As reviewed 
in this volume, the caste-based (eusocial) societies of termites (Isoptera), 
and ants, wasps, and bees (Hymenoptera), have been extensively studied. 
A second question concerns the evolutionary origins of group life, for 
which appropriate foci are societies in which group members share a nest 
but work is not organized by caste differences (i.e., cooperative breeders 
and communal nesters). Unlike cooperatively breeding vertebrates (see 
Brockmann 1997; Hayes 2000; de Waal and Tyack 2003; Ekman and Eric- 
son 2006) and eusocial invertebrates (see Cole, this volume), much less is 
known about the behavior and evolution of communal, casteless societies 
and the ecological contexts in which they occur. 

Despite arguments for and against revising social terminology (see ref- 
erences in Costa and Fitzgerald 2005; Wcislo 2005), we use Michener’s 
(1974) definition of communal behavior: cohabiting females that share a 
nest but build, provision, and oviposit in their own cells. Theoretically it is 
important to distinguish such associations from quasisocial ones in which 
reproductively competent females jointly build and provision cells. In 
practice, however, it is difficult to distinguish between communal and quas- 
isocial associations because of the difficulties in observing behavior within 
nests. As Michener (1974, 2007) and others have pointed out, for many 
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taxa these social terms apply to individual colonies or nests, but not to en- 
tire species, unless there is no intraspecific variation. Thus, although we 
sometimes refer to a particular species as having communal behavior, this 
is shorthand and we intend to refer to the particular nests studied in a 
given population. Conversely, many species are regarded as “solitary” even 
though some nests occasionally contain communal females. 

A body of largely anecdotal evidence shows that communal behavior is 
widespread within the aculeate Hymenoptera. It evolved repeatedly and is 
stable over evolutionary time. Communal social groups are often de- 
scribed as egalitarian, or being comprised of reproductive equals, but in 
most cases this is an untested assertion. As West-Eberhard (1978) argued, 
in most group-living bees and wasps it is difficult to imagine that there are 
no reproductive inequalities, due to differences in age, genetic make-up, 
and nutritional status. It is more likely that female reproductive opportuni- 
ties and output vary considerably, and that rudimentary dominant and 
subordinate behaviors are widespread (West-Eberhard 1978; Shimizu 
2004; Jeanson, Kukuk, and Fewell 2005). 

Perspectives on the evolution of communal behavior have shifted since 
early work by Wheeler (1923) and others. Communal societies of insects 
were thought to represent an intermediate stage in an evolutionary transi- 
tion from solitary to eusocial behavior, with a step-wise increment in social 
complexity, such that solitary species first evolved communal behavior and 
then, via subsequent steps, the communal species gave rise to eusocial ones 
(Wheeler 1923; Evans 1958; Wilson 1971; West-Eberhard 1978). Studies of 
intraspecific variation in social behavior, coupled with a renewed emphasis 
on the importance of taking historical (phylogenetic) patterns into account, 
have suggested that this step-wise view of behavioral evolution is usually 
not supported by available data (Michener 1985; Carpenter 1989; Schwarz 
et al. 2003; Schwarz et al. 2007). Michener (1985, 2007) and others (e.g., 
West-Eberhard 2003) have argued that in some lineages behavior is so flex- 
ible that social organization may evolve without a series of intervening 
species, and that social behavior may be gained and lost so frequently that 
the phylogenetic signal in the behavioral data is unreliable. Indeed, Mich- 
ener (2007, p. 15) suggests that the perennial question of the number of 
times eusociality has arisen during bee evolution is “both unknowable and 
useless. It is the wrong question.” As discussed below, a phylogenetic ques- 
tion in need of more attention is why communal societies and caste-based 
ones appear to be evolutionary alternatives in different lineages. 
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In this chapter, we briefly summarize the occurrence of communal be- 
havior in bees and wasps, and review studies showing that nestmates are 
often not kin, and that there is little evidence that females discriminate be- 
tween familiar and unfamiliar individuals. Consequently, any potential 
benefits from indirect (inclusive) fitness benefits (sensu Hamilton 1964) 
are likely to be minimal. We discuss environmental conditions that might 
favor communal organization vis-d-vis solitary or eusocial behavior due to 
direct fitness benefits. Recognizing that successful organisms “solve” envi- 
ronmental “problems” (Wcislo 1989; Odling-Smee, Laland, and Eldman 
2003), we consider whether communal social organization is an alternative 
solution to tackle the same environmental problems that were solved by 
the repeated evolution of caste-based social organizations. We also draw 
attention to critical questions for which data are almost totally lacking, and 
thus emphasize at the outset that any conclusions are necessarily tentative. 


Phyletic Distribution of Communal Behavior 


We restrict our discussion to the nest-building Aculeata (Hymenoptera), 
excluding ants (i.e., Apoidea including both Apiformes and Spheciformes 
[Michener 2007]; Vespidae; and Pompilidae). We do not intend to provide 
an exhaustive survey, but cite reviews and representative examples. In 
some taxa, communal social organization occurs as an ontogenetic phase 
(e.g., co-founding gynes of many eusocial ants, see Heinze and Foitzik, this 
volume; Fefferman and Traniello, this volume) or as a temporary condi- 
tion, while in others communal organization is maintained throughout the 
life of a colony. In many “solitary” bees and wasps, some nests are occu- 
pied by two or rarely more females. Such species are critical for under- 
standing the evolution of tolerance (Reeve 1989; Moynihan 1998), which is 
a fundamental prerequisite for any kind of social organization. Oppor- 
tunistic communal associations are frequently reported for species in which 
nests are spatially clustered in large aggregations (Eickwort 1981; West- 
Eberhard 1978; Cowan 1991; Matthews 1991; O’Neill 2001); however, 
these species are inherently more likely to attract the attention of inter- 
ested biologists, and little is known of the relative frequency of oppor- 
tunistic associations in species that nest in isolation relative to those that 
aggregate nests. In other species, females frequently switch nests and tran- 
sient communal associations occur when two females overlap in the same 
nest (Wcislo, Low, and Karr 1985; O’Neill 2001). 
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Regular communal associations are known in many of the major line- 
ages of bees, including Colletidae (Sakagami and Zucchi 1978; Spessa, 
Schwarz, and Adams, 2000; contra Michener 2007: p. 133, who stated that 
“all colletids are solitary”); Andrenidae (Paxton, Kukuk, and Tengo 1999; 
Paxton et al. 1996; Danforth 1989, 1991); Halictinae, especially the aga- 
postemon sweat bees (Roberts 1969; Abrams and Eickwort 1981; Kukuk 
1992; Richards, von Wettberg, and Rogers 2003); Nomiinae (Wcislo and 
Engel 1996); Megachilinae (Garéfalo et al. 1992); Xylocopinae (Camillo 
and Garéfalo 1989); and Apinae (Rozen 1984; Soucy, Giray, and Roubik 
2003; Cameron 2004). Among wasps, these associations are known for 
Pompilidae (Wcislo, West-Eberhard, and Eberhard 1988; Evans and 
Shimizu 1996), Sphecidae (Evans and Hook 1986), and Eumeninae 
(Cowan 1991). For general reviews, see Michener (1974), Wilson (1975), 
Iwata (1976), West-Eberhard (1978), Eickwort (1981), Cowan (1991), 
Matthews (1991), and O’Neill (2001). 

A striking fact about the phyletic distribution of communal behavior in 
aculeate Hymenoptera is that it typically occurs in clades in which there 
are no examples of caste-based societies (Eickwort 1981; Kukuk and Eick- 
wort 1987; Danforth, Neff, and Baretto-Ko 1996). For example, most (28 
of 39) species of nest-sharing wasps discussed by West-Eberhard (1978) 
are from clades where worker castes have never evolved. One exception to 
this phyletic pattern involves an intraspecific polyphenism in the sweat bee 
Halictus sexcinctus (Richards et al. 2003), in which both communal and 
eusocial nests are known from a single locality; an analysis of mitochondr- 
ial DNA sequences suggests that the two forms do not represent cryptic 
species. A second exception is known in a spheciforme wasp taxon (Pem- 
phredonini), in which communal species and the eusocial Microstigmus 
co-occur (see references in Matthews 1991; Wcislo 1992). 


Possible Evolutionary Transitions 
Involving Communal Behavior 


West-Eberhard (1978) proposed that nest-sharing, casteless social groups 
would give rise quickly to polygynous family groups because of inclusive 
fitness benefits derived from associating with kin. She also hypothesized 
that once family groups evolve, then they are more likely to persist because 
kin selection will dampen the disruptive effects of intraspecific parasitic 
behaviors (e.g., cell and prey usurpation: Eberhard 1972; Eickwort 1975; 
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Ward and Kukuk 1998). Although she did not discuss them, two phylogene- 
tic predictions follow from West-Eberhard’s hypothesis. First, in lineages in 
which females do not live in family groups, such as communal Perdita or 
Andrena bees (e.g., Danforth, Neff, and Barretto-Ko 1996; Paxton et al. 
1996), group-living should be evolutionarily labile and species should 
repeatedly switch from solitary to communal life histories. Phylogenetic 
studies show that some lineages with caste-based social family groups contain 
species with secondarily solitary behavior (Wcislo and Danforth 1997; 
Danforth, Conway, and Ji 2003), though there may be a “point of no return” 
where it is impossible to lose social behavior (Wcislo and Danforth 
1997; Wilson and Hölldobler 2005) without going extinct or becoming an ob- 
ligate social parasite (but see Chenoweth et al. 2007). In contrast, for lineages 
of bees and wasps with communal behavior there is no evidence for second- 
ary reversions to solitary behavior, unlike birds in which communal roosting 
has been lost repeatedly (Beauchamp 1999; Ekman and Ericson 2006). 

A second prediction following West-Eberhard (1978) is that obligate brood 
and social parasites that attack related heterospecifics should evolve more fre- 
quently in lineages with females living in nest-sharing, nonfamily groups. The 
behavioral antecedents to obligate brood parasitism (i.e., opportunistic cheat- 
ing or robbing) are widespread and occur in species with communal nesting 
behavior (Wcislo 1987; Field 1992). Lineages that contain many communal 
species (e.g., andrenid and nomiine bees, Cerceris wasps) have not generated 
any known obligate brood parasites, although communal species serve as 
hosts for some obligate brood parasites (reviewed in Wcislo 1987). 


Costs of Communal Social Organization 


The relative costs and benefits of communal living have been discussed re- 
peatedly (Lin and Michener 1972; Eickwort 1981; Cowan 1991; Kukuk 
1992), although the empirical data are scant (see summary in Table 7.1). 
Potential costs fall into two general classes: one associated with increased 
competition for resources, and one with increased risk of losing those re- 
sources to conspecific cheaters. 


Resource Competition 


As with all social groups, there is likely to be increased competition for 
resources because conspecifics by definition are the closest competitors 


The Evolution of Communal Behavior in Bees and Wasps 153 


for the same resources (Alexander 1974; Dittus 1988). Different females 
in a communal nest use the same set of floral resources, or the same set of 
prey resources (Wcislo et al. 1988, Wcislo 1993), so there is potential for 
competition. There are no studies, however, that assess the impact of re- 
source limitations on the foraging efficiency of communal females, nor are 
there studies that indicate that any information transfer takes place among 
them. Indeed, a study of the facultatively communal bee, Perdita coreop- 
sidis (Andrenidae), showed that there are no differences between solitary 
and communal females with respect to duration of foraging trips; time 
spent within nests between trips; time of day spent foraging; number of 
trips needed to provision a cell; or the number of cells provisioned per day 
(Danforth 1989). 


Usurpation and Intraspecific Parasitism 


The second potential cost for communal females is associated with in- 
creased probabilities of nest (or cell) usurpation and intraspecific brood 
parasitism. Although it is routinely claimed that group-living is associated 
with such increased risks (e.g., Eickwort 1981; Cowan 1991), few empiri- 
cal studies have demonstrated that intraspecific parasitism and usurpation 
are more likely among communal nesters than among solitary ones (e.g., 
Eberhard 1972; Eickwort 1975; Wcislo 1987; Field 1992). Nevertheless, 
anecdotal evidence suggests that the claim is valid. The spider wasp Auplo- 
pus semialatus (Pompilidae), for example, regularly lives in small commu- 
nal groups with fewer than eight females; cohabiting females vigorously 
contest the use of empty brood cells and captured spiders, and repeatedly 
usurp prey from nestmates (Wcislo, West-Eberhard, and Eberhard 1988). 
In most species of communal bees and wasps, however, it is extremely dif- 
ficult to assess true rates of intraspecific parasitism for two reasons. First, 
many species nest in the soil, which makes it impractical to record behav- 
ioral observations without the use of observation nests (e.g., Danforth 
1991), and thus it is difficult to observe usurpation. Secondly, genetic mark- 
ers are not particularly informative in assessing whether cells have been 
usurped, unless they are coupled with behavioral observations, since they 
will otherwise show that multiple females are reproducing within a given 
nest. 
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Temporal Constraints 


Another potential cost associated with intraspecific parasitism is the loss of 
time that could be spent on foraging and other tasks rather than guarding 
cells or nests. A communal spider wasp Auplopus semialatus, for example, 
required up to 120 minutes to seal a brood cell before it was safe from 
marauding nestmates, suggesting there is a cost to defending a cell (but 
see Soucy, Giray and Roubik 2003 for a counterexample). In general, how- 
ever, we lack detailed time budgets for solitary and communal bees and 
wasps, which are needed to assess how much time is actually lost in guard- 
ing a nest or brood cells. 


Benefits of Communal Social Organization 


Potential benefits associated with group-living in bees and wasps also fall 
into two general classes: one associated with improved defense, and one 
associated with energetic savings from shared nest construction and main- 
tenance (see Table 7.1). Benefits associated with improved defense may be 
passive or active. 


Passive Defense 


Enhanced passive defenses arise from a dilution effect associated with in- 
creasing group size, analogous to Hamilton’s (1971) “selfish-herd” argu- 
ments. If a parasite or predator attacks a brood cell at random, then the 
probability that any given cell is attacked is 1/N, where N is the number of 
cohabiting females. Establishing nests in soil versus twigs may also shape 
relative rates of parasitism, if the relative complexity of environmental 
space (roughly two- versus three-dimensional, respectively) influences the 
success rate for searching parasites (Matthews 1991; Wcislo 1996). Com- 
parisons involving pairs of related sister taxa showed that ground-nesting 
species more frequently had higher rates of parasitism than did twig- 
nesting species of bees and wasps; however, confounding factors suggest 
that this conclusion should be accepted with caution (Wcislo 1996). If this 
conclusion is sustained, then group-living should evolve more frequently 
among soil-dwelling lineages rather than among stick- or mud-nesters 
(Michener 1985). 

Improved defense may also arise as an incidental by-product of 
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increased activity at the nest entrance. In many cases it is difficult to ascer- 
tain whether individuals are behaving as functional guards or are merely 
standing near the nest entrance, which effectively guards it as a by-product 
of some other behavior. Both solitary and group-nesting females of an or- 
chid bee spent approximately the same amount of time in their nests, but 
as a result of staggered foraging trips multi-female nests were unoccupied 
only 1.7% of the time, while solitary nests were unoccupied 30.1% of the 
time (Soucy, Giray, and Roubik 2003). Satellite flies ( Leucophora) that en- 
tered a bee host nest (Andrena agilissima) remained within the nest for 
shorter periods of time if another host female returned to the nest, sug- 
gesting activity per se effectively guards a nest (Polidori et al. 2005). In 
contrast, anecdotal evidence for the facultatively communal bee, Perdita 
coreopsidis, showed that the most populous nest also had the highest rate 
of cell parasitism (Danforth 1989), implying that more individuals do not 
translate into better defense, and in fact may render the nest more attrac- 
tive to parasites and predators. 


Active Defense and Nest Guarding 


Wilson and Hölldobler (2005) argued that a prime driving force behind 
the evolution of eusociality are advantages associated with improved de- 
fense (also, e.g., Lin and Michener 1972; West-Eberhard 1978). They ar- 
gued that small groups are better defenders than are solitary individuals, 
and larger groups are better than smaller groups. The same argument 
applies to communal nests (Lin and Michener 1972; West-Eberhard 1978; 
Forbes et al. 2002). Interspecific comparisons are confounded by the fact 
that the suite of natural enemies which attack solitary or social forms are 
not always the same; macroparasites and predators may have greater im- 
pact on solitary females, while microparasites (e.g., bacteria) may have 
greater impact on social ones (Wcislo 1997; Schmid-Hempel 1998). Con- 
clusive tests of the idea that groups are more effective defenders than sin- 
gletons are relatively scarce because they require comparisons of solitary 
and group-living individuals of the same species in the same location. Fur- 
thermore, from a defensive perspective, there is no reason to expect fun- 
damental differences between communal and eusocial groups unless the 
latter have specialized defender morphs (“soldiers”), which are unknown 
in bees and wasps. 

Active defenses may be associated with increased guarding behavior. 
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Most nests of the sweat bee Agapostemon virescens, for example, were oc- 
cupied by communally nesting females, and one bee was continuously pres- 
ent at the nest entrance when bees were foraging (Abrams and Eickwort 
1981). Communal nests were not attacked by cleptoparasitic bees (Nomada 
articulata), whereas the parasites entered the only solitary nest in the study 
when the occupant was out foraging. Likewise, a nest of a communal spider 
wasp, Auplopus semialatus, was unattended for less than a minute during 
more than 42 hours of observation, and in that brief time an obligate clep- 
toparasitic wasp, Irenangelus eberhardi, successfully oviposited in an open 
brood cell (Wcislo, West-Eberhard, and Eberhard 1988; for other examples, 
McCorquodale 1989a; Garéfalo et al. 1992; Spessa, Schwarz, and Adams 
2000). In contrast, females of the obligately communal bee, Perdita portalis 
(Andrenidae), were never observed guarding nests, suggesting that im- 
proved nest defense is unlikely to be associated with the maintenance of 
communal behavior in this species (Danforth 1991). 


Nest Site Limitations 


It may be advantageous to share a nest with others if nest sites are rare 
or nests are difficult to establish (Michener 1974; McCorquodale 1989a, 
1989b). The availability of nesting substrata helps shape the community- 
level composition of Mediterranean bee communities (Potts et al. 2005), 
suggesting that nest site availability may be a limiting resource (Schwarz, 
Bull, and Hogendoorn 1998; Langer, Hogendoorn, and Keller 2004 for eu- 
social bees). It is not clear, however, whether suitable nesting substrata are 
more limiting for communal versus solitary species. 


Sharing the Costs of Nest Construction 


Various researchers have noted that communal nesting seems to be espe- 
cially common in Australian halictine bees and sphecid wasps (e.g., Knerer 
and Schwarz 1976; Evans and Hook 1986), and andrenid bees in the 
southwest deserts of North America and Mexico (e.g., Danforth 1991), 
where they frequently nest in very hard and compact soil. In such regions 
nests tend to be initiated following rains when the soil is soft (McCorquo- 
dale 1989b). Although there are no studies to ascertain the relative costs 
associated with establishing nests in wood or soil, or in relatively hard ver- 
sus soft soil, causal links between substrate hardness and nest sharing have 
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been proposed repeatedly (Evans and Hook 1986; McCorquodale 1989a, 
1989b; Weislo, Fernandez-Marin, and di Trani 2004). In communal Perdita 
bees, for example, Danforth (1991) suggested that nest sharing may be ad- 
vantageous due to the energetic and temporal costs associated with soli- 
tary nest excavation. Danforth also noted that if the period of resource 
availability is relatively brief, there may be temporal factors that select 
against solitary nesting, assuming that it takes a solitary individual more 
time to dig a nest relative to joining an already established one. In sphecid 
wasps, however, spatial patterns of soil hardness were not associated con- 
sistently with patterns of nest provisioning behavior (see Wcislo, Low, and 
Karr 1985; McCorquodale 1989b, and references therein). 


Information Transfer 


In birds, increased foraging efficiency is hypothesized to be one of the 
prime advantages associated with communal roosting (Ward and Zahavi 
1973; Beauchamp 1999), assuming that roosts act as centers for informa- 
tion transfer whereby unsuccessful foragers can follow successful ones to a 
feeding site. To date there are no behavioral studies showing that commu- 
nal bees and wasps use cues from foraging nestmates to reduce search 
time, as is well-known for numerous eusocial insects. 


Nest Productivity and Communal Behavior 


Measures of per capita productivity imply that there are either benefits or 
costs to group nesting, depending on whether productivity is an increasing 
or decreasing function of group size (Michener 1974). In many taxa with 
behavioral castes there is an overall decrease in per capita productivity 
with increasing group size (Michener 1974; Karsai and Wenzel 1998), 
while in other taxa, especially in eusocial allodapine bees, there is in- 
creased productivity with initial increases in group size (Schwarz, Bull, and 
Hogendoorn 1998; Tierney, Schwarz, and Adams 1997; Tierney et al. 
2002). In a communal colletid bee, Amphylaeus morosus, per capita pro- 
ductivity was not significantly different for communal or solitary nests 
(Spessa et al. 2000; also e.g., Danforth 1989). Published estimates of pro- 
ductivity may be biased, however, if solitary nests or those with fewer fe- 
males suffer higher rates of nest failure than those with more females, or if 
brood development is not followed through to the adult stage. 
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Kinship and Recognition Systems in Communal Societies 


An ability to recognize and discriminate between nestmates and non- 
nestmates (frequently kin versus non-kin) is widespread in caste-based so- 
cial insect groups (Fletcher and Michener 1987). West-Eberhard (1978) 
reviewed early literature on nest-sharing wasps and argued that about half 
of the 29 species she tabulated lived in groups that were comprised of rel- 
atives, based on behavioral inferences (e.g., frequent re-use of cells, low 
rates of dispersal) and on theoretical grounds: if group living is advanta- 
geous, then family-based group living will be favored because of additional 
indirect fitness benefits that accrue via kin selection, and genes that enable 
associations with relatives will be shared by those relatives (Hamilton 
1964; Wilson and Hélldobler 2005). More recent studies using genetic 
markers are inconsistent with her arguments, and instead have shown that 
nest-sharing, casteless groups often are comprised of nonrelatives (Kukuk 
and Sage 1994; Danforth, Neff, and Barretto-Ko 1996; Paxton et al. 1996; 
Spessa, Schwarz, and Adams 2000; Kukuk, Bitney, and Forbes 2005; but 
see McCorquodale 1988 and Pfennig and Reeve 1993 for examples of kin 
associations). 

Few studies are available that assess recognition capabilities in commu- 
nal species for comparison with caste-based societies, or in solitary species 
that occasionally share nests (e.g., Pfennig and Reeve 1989). Kukuk and 
co-workers studied patterns of food exchange in a communal Australian 
bee (Lasioglossum hemichalceum; Halictidae) and found no tendency to 
preferentially direct food toward familiar individuals or nestmates (Kukuk 
and Crozier 1990; Kukuk 1992). Furthermore, females from distant nests 
can be introduced into another nest without evidence of fighting, and they 
begin to provision cells in the new nest (Ward and Kukuk 1998; Wcislo, 
personal observation), again suggesting the lack of any discrimination. A 
lack of discrimination between familiar and unfamiliar females was also 
observed during staged encounters for two species of communal andrenid 
bees (Andrena and Panurgus) (Paxton, Kukuk, and Tengo 1999). Females 
have been reported to join nests in other communal bees and wasps with 
no signs of aggression or guarding by the resident females (Danforth 1991; 
Abrams and Eickwort 1981), implying that communal nests generally are 
relatively open societies. 

The occurrence of open societies raises the question of whether group 
members are incapable of recognizing familiar individuals. There is a 
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biased phyletic distribution of caste-based societies among bees and sphe- 
ciforme wasps (Apoidea) (Wcislo 1992), in that eusociality has evolved re- 
peatedly in the former, while it is extremely rare in the latter. Wcislo (1992) 
hypothesized that this pattern was associated with the phyletic distribu- 
tion of chemically-mediated individual nest recognition as an evolutionary 
antecedent for kin recognition mechanisms. If valid, this hypothesis in turn 
suggests that studies are needed to assess such nest recognition capabili- 
ties (or lack thereof) in communal lineages of bees and wasps, which might 
help explain why lineages with communal behavior rarely generate euso- 
cial species. 


Conclusions and Future Directions 


Theory and limited empirical evidence suggest that the main advantage 
derived from group living is improved defense against predators and para- 
sites. The evolution of communal nesting as a stable state is therefore par- 
adoxical in that if individuals benefit from group nesting, they would then 
further benefit from doing so with relatives (West-Eberhard 1978; Wilson 
and Hdlldobler 2005). Yet, as mentioned above, studies using genetic 
markers indicate that communal nest-sharing females often are not rela- 
tives. On the other hand, if individuals benefit from cooperating with non- 
relatives, then they would further benefit by cheating and exploiting the 
cooperative behavior of those non-relatives (Eberhard 1972; Eickwort 
1975; Axelrod 1984). A major unresolved empirical question, therefore, is 
what limits or constrains cheating in such communal societies of non- 
relatives? 

Avilles (2002) developed a model in which tendencies to cooperate and 
to form groups dynamically co-evolve, and she showed that the problem of 
cheaters (“freeloaders”) is resolved if there are significant group-size ef- 
fects on fitness. That is, cheaters will increase in frequency when rare, but 
then decrease in frequency when they are common because groups that 
contain excessive cheaters will have lower per capita productivity. Avilles’ 
model shows that per capita productivity increases up to a certain group 
size (~8), and then decreases. Empirical data on per capita productivity for 
different size social groups varies considerably (see section Nest Produc- 
tivity and Communal Behavior). The effect of freeloading on per capita 
productivity is empirically unknown. In a social sphecid wasp, Trigonopsis 
cameronii, females occasionally robbed prey from nestmates, especially 
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when their own hunting success was poor, which raises the possibility that 
freeloading in these wasps may actually enhance productivity (Eberhard 
1972), but additional studies are needed. 

If group living is beneficial, then what constellation of genetic and en- 
vironmental factors helps explain tendencies to evolve communal- versus 
caste-based societies? Many examples of caste-based societies involve 
mother-daughter associations (i.e., matrifilial eusocial groups). These as- 
sociations form during a window of opportunity determined by egg-to- 
adult developmental times, adult longevity, and the length of the local 
growing season (Wcislo and Danforth 1997). For example, if larval devel- 
opment is too slow relative to adult longevity, or relative to the length of 
the growing season, then overlap of generations will be precluded. We 
speculate that communal behavior is an alternative form of social organi- 
zation especially suited to environments with short growing seasons or 
where the length of the growing season is relatively unpredictable. This 
hypothesis is consistent with the observation that arid regions tend to be 
especially rich in species with communal behavior, though quantitative 
data are lacking. 

Nearly 50 years ago Evans (1958) synthesized available information and 
theory concerning the evolution of group living in wasps, and he pointed 
out that “speculation on the origin of social life seems to have outstripped 
the observational data (p. 457).” Twenty years later, in a like-minded pur- 
suit, West-Eberhard (1978, p. 853) wrote that data were still so scarce that 
Evans’ sentence “is now a model of understatement.” More recently, in re- 
views of primitively social wasps, Cowan (1991, p. 73) lamented how 
“much of the information about these insects consists of the barest anec- 
dotes,” while Matthews (1991, p. 601) listed critical factors for under- 
standing social evolution and he noted that data “are virtually nonexistent.” 
Similar concerns hold true for bees (Wcislo and Engel 1996). In a book 
dedicated to Bert Hélldobler, who has done so much to advance our un- 
derstanding of the origins and evolution of social behavior in insects, one 
would like to end in a positive manner. Unfortunately, our review ends on 
a note that echoes Evans, West-Eberhard, Cowan, and Matthews, because 
empirical studies of solitary and communal nest-sharing bees and wasps 
continue to lag behind the rest of the field, despite their critical position 
for understanding the origins of social behavior. 

Ironically, the most fitting tribute to one who has so eloquently argued 
for making a “journey to the ants” is to veer away from ants and their 
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highly eusocial counterparts among the bees and wasps, and turn instead 
to the bees and wasps that have made but a short journey in the realm of 
sociality. 
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PART TWO 


We 


Communication 


THOMAS D. SEELEY 


ONE KEY TO UNDERSTANDING how an insect society is organized—how 
it functions as an integrated whole—is elucidating its communication pro- 
cesses. Communication is critical because each individual within a society 
needs information to decide, moment-by-moment, how to behave so as to 
contribute to the common good. In particular, an individual needs to be 
sufficiently well informed to decide correctly and repeatedly what task to 
perform and how to do this task. While it is true that much of this informa- 
tion is obtained without social intercourse—for example, a worker honey 
bee can sense by herself her particular location in the nest (i.e., brood nest, 
honeycombs, dance floor), the particular time (i.e., time of day, season of 
the year), the particular behavioral context (i.e., defending the nest, tend- 
ing the brood, resting), and her particular social identity (i.e., age, experience, 
physiological state)—it is also true that much of the needed information is 
obtained through social interactions, especially by receiving signals pro- 
duced by nestmates. Within most insect societies there is an extensive 
overlap of the reproductive interests of individuals, so it is not surprising 
that social insects have evolved many special means for sharing informa- 
tion: signals for communicating. 

It is appropriate that communication is a prominent part of this mono- 
graph, both because communication is a central feature of insect social life 
and because the analysis of social insect communication is a strong theme 
in the scientific work of Bert Hélldobler, who is honored by this book. In- 
deed, more than 75% of the several hundred papers published by Höll- 
dobler are investigations of communication. More importantly, his papers 
have shown us how to conduct a beautiful study of a communication sys- 
tem in an insect society: first provide a careful description of the (often 
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multimodal) signals involved, and then perform an incisive experimental 
analysis of how the signaling system contributes to colony functioning. 
Who is not awed by Hdlldobler’s gorgeously stained sagittal sections of 
ants showing their exocrine glands, by his vivid illustrations of the me- 
chanical components of ants’ recruitment displays, or by his ingenious 
unraveling of the five distinct recruitment systems of weaver ants? 
Chapters 8 through 13 highlight six important directions in current 
studies of social insect communication. Michael Breed and Robert Buch- 
wald report on communication for nestmate recognition, a process that is 
critically important in keeping acts of altruism aimed at relatives. They 
concentrate on the intriguing puzzles of how diversity among recognition 
cues is generated and is maintained over evolutionary time. Christoph 
Kleineidam and Wolfgang Réseler review the functional organization of 
olfactory systems in social Hymenoptera, and show how the neuroanatomy 
of this sensory system has evolved to complement the evolution of physical 
castes in certain ant species. Christian Peeters and Jiirgen Liebig summa- 
rize current work on queen pheromones and look closely at the evidence 
that these pheromones provide workers with useful information about 
their queen’s fertility, as opposed to chemically manipulating the workers’ 
reproductive activities. Robert Jeanne provides a much-needed synthesis 
of what is known about mechanical signals in the societies of social wasps, 
whose carton nests are particularly favorable for the transmission of sub- 
strate vibrations. James Nieh makes a novel comparison of the mecha- 
nisms of recruitment to food sources in bees and wasps, carefully comparing 
the various mechanisms that have evolved for activating foragers in the 
nest and then guiding them to the food outside the nest. And finally, Flavio 
Roces reviews the organization of foraging by ant colonies, reminding us 
that foragers bring home information as well as food, and that forager be- 
havior is likely adapted to optimize the intake of both commodities. 


CHAPTER EIGHT 


w 


Cue Diversity and Social Recognition 


MICHAEL D. BREED 
ROBERT BUCHWALD 


ONE OF THE MOST INTRIGUING problems in evolution is understanding 
how some processes favor high phenotypic diversity. Two arenas in which 
phenotypes are particularly diverse are in cellular recognition in immune 
systems (Penn and Potts 1999) and cues used in social recognition (Downs 
and Ratnieks 2000). Our particular interest is in the phenotypic diversity of 
cues used in social recognition in eusocial insects, and in this chapter we 
address three questions: How many cue phenotypes are necessary for social 
recognition, how is this phenotypic diversity achieved, and what impact do 
mistakes or limitations in social recognition have on social insect biology 
(Ratnieks 1991)? We focus on nestmate recognition in social insects (Van- 
der Meer and Morel 1998), but the principles we derive are broadly appli- 
cable across animal taxa. Ultimately, we argue that phenotypic diversity in 
social recognition is the result of a selective balance between needs for ac- 
curacy in identification (Downs and Ratneiks 2000) and the limitations of 
the sensory and information processing systems. Following this reasoning, 
we employ probabilistic models (Millor et al. 2006) to predict the minimum 
number of phenotypes needed for effective social recognition. 

Recognition is one of the few evolutionary contexts in which selection 
favors phenotypic diversity (Kelley, Walter, and Trowsdale 2005; Aertsen 
and Michiels 2005). Persistence of diverse phenotypes in evolutionary 
time is important in both intrinsic recognition systems such as the immune 
system and in social recognition among animals. In fact, the association of 
the major histocompatiblity complex (MHC) with social recognition (Penn 
and Potts 1999) intertwines, at a fundamental level, the immune system 
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and social recognition across a large segment of Animalia. In immune sys- 
tems, genetic mechanisms that foster the generation of diversity are im- 
portant (Kelley, Walter, and Trowsdale 2005; Aertsen and Michiels 2005); 
immune recognition moves beyond neutral substitution to active amplifi- 
cation of phenotypic diversity. In this chapter we consider how diversity in 
recognition phenotypes might be generated in social insects, and we de- 
velop a model that contrasts with models that invoke active generation of 
phenotypic diversity that are used to explain immunological diversity. 


Social Recognition 


Social recognition shapes behavioral interactions among animals in a fun- 
damental way. It is a key ingredient in diverse social contexts, such as nest- 
mate recognition in eusocial insects, identification of herd or flock members 
in mammals and birds, mating-partner recognition, sibling recognition, 
and parent-offspring recognition (Tsutsui 2004). In the following discus- 
sion, we focus on identification of nestmates by social insects (Vander 
Meer and Morel 1998); this type of social recognition takes place at the 
colony level, typically with all members of a colony carrying the same iden- 
tifying cues, regardless of genetic similarity. The principles we develop, 
however, apply broadly in social recognition and can operate at the indi- 
vidual level as well as at the colony level. 

Social recognition can be viewed as a series of gradations from rela- 
tively coarse-grained discriminations to very finely tuned processes. 
Social recognition begins with species recognition, then gender recogni- 
tion, social group or family recognition, and finally individual recognition. 
Species and gender recognition normally rely on a small number of fea- 
tures that are relatively invariant among members of the species or gen- 
der; these features are often thought of as recognition badges (e.g., Goth 
and Hauber 2004). In species recognition, variability among species is 
paramount, and selection typically favors differentiation of species (thereby 
preventing mating errors). Interspecific elaboration is more likely when 
phylogenetically associated species live sympatrically. Species within a 
genus may be restricted to the same overall morphology but elaborate 
differences in coloration allow obvious specific identifications. Gender 
discrimination is similar to species recognition in that male-female differ- 
ences in a few key features are usually adequate. In some, perhaps many, 
species, specific and gender identification is mediated by a single badge, 
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such as a species- and gender-unique pheromonal blend or a color signal 
(Sinervot et al. 2006). 

In contrast, social group, family, or individual recognition can only 
function if phenotypes vary among groups, families, or individuals within 
a population. It is at this level of recognition that phenotypic variation is 
critical. 


Cue Diversity 


How much information does a eusocial insect need to identify its social 
companions? On the surface, this is a remarkably easy question to answer. 
There must be enough unique combinations of cues to give each colony in 
the population a unique identifier. The simplest system would operate like 
telephone numbers, assigning an identifier to each group of animals. In 
such a circumstance, the number of identifiers available need only match 
the number of groups in the population. 

There are a number of reasons, though, that cues used in social recogni- 
tion are not fully analogous to identifiers like telephone numbers. Fore- 
most, there is no executive function, at the population level, to assign 
identifiers. Instead, identifiers are drawn from a preexisting resource pool 
and may therefore be duplicated within the pool; this means that although 
there are a finite number of identifiers to choose from, there must be 
enough so that the probability of two or more individuals in the population 
carrying the same identifier is tolerably low. 

What defines “tolerably low?” To answer this question we must first look 
at the kinds of mistakes that can occur in nestmate recognition. A related 
animal can be erroneously treated as non-kin, or an unrelated animal can 
be erroneously treated as kin. An overly sensitive recognition system is 
likely to lead to the first type of error, and a recognition system that is not 
sensitive enough is likely to lead to the second type. Agrawal (2001) 
likened the balance between these two types of errors to Type I and Type 
II statistical errors. This approach to thinking about the costs and benefits 
of nestmate recognition has considerable merit, and we return to the issue 
of error rates below in the section on modeling cue diversity. A particularly 
important point is that the costs and benefits affect both residents and in- 
truders. Both types of mistakes have costs, which are balanced by the cost 
of producing and processing the information needed to avoid errors in dis- 
crimination. 
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Decisions made by foragers entering colonies are a function of nest or 
colony recognition, which may rely on the same cues as nestmate recogni- 
tion by guards (Breed 1998; Vander Meer and Morel 1998). Foragers may 
make unintentional errors in entering the wrong nest; in western honey 
bees, Apis mellifera, this “worker drift” (movement of adult workers from 
their natal colony to neighboring colonies) is thought to be unintentional, 
but can result in real costs to colonies that lose workers and corresponding 
benefits to colonies that gain workers (Pfeiffer and Crailsheim 1998). For 
social insect species that aggregate their colonies (nests are located in close 
proximity; this is reasonably common in eusocial bees and wasps, but rare 
or absent in termites and ants), colony identification and potential uninten- 
tional errors in colony identification are, at least in theory, quite important. 
In addition to drift, intentional attempts to enter other colonies, with the 
purpose of robbing food or brood, social parasitism, or of displacing the res- 
ident queen, are also common. This behavior is found in A. mellifera 
(Breed, Diaz, and Lucero 2004) and in a variety of ants (Lenoir et al. 2001) 
and may be found in other taxa as well (Ratnieks et al. 2006). If incursions 
into other nests never occurred, there would be no need for nestmate 
recognition cues, or for guards to refuse entrance to non-nestmates; these 
intrusions are the primary force driving the evolution of nestmate recogni- 
tion. Any mistake in colony identification or purposeful entry into the 
wrong colony by a forager leads to possible exclusion by a guard. As the 
stakes increase due to higher potential losses, the expression of recognition 
should become more intense (Downs and Ratnieks 2000). As Agrawal (2001) 
pointed out, the expression of nestmate recognition by guards is the evolu- 
tionary result of the balance between the costs and benefits associated 
with making correct decisions or mistakes of either type. 

Perhaps an overlooked point that emerges from this consideration is the 
costs of allowing a diseased or parasite-carrying worker to enter a colony 
and the corresponding benefits from excluding such a worker. To our 
knowledge, the reactions of guards to diseased or parasite-ladened work- 
ers have not been sampled; this is an interesting point for future inquiry. 

A hidden, or less well understood, cost-benefit relationship in nestmate 
recognition comes from the costs of producing and analyzing cues of the 
complexity required to make perfect nestmate discriminations. We argue 
that guards will not be perfect in making discriminations because the cost 
or complexity of perfect information processing is too high and would 
require an advanced, and therefore costly, physiological framework and 
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neurological fine-tuning. This reasoning leads us to probabilistic models in 
which we examine how the number of recognition cues, discriminative lev- 
els, and colonies in a population can predict the number of identifying sig- 
natures needed for a social insect. 


Tolerance for Mismatching 


In honey bees, guards discriminate nestmates from non-nestmates by 
comparing the cue profile of a potential intruder with a mental template 
that is learned by the guard (Breed, Diaz, and Lucero 2004; Dani 2006). 
Similar patterns of nestmate recognition are seen in many other social in- 
sects, including stingless bees (Buchwald and Breed 2005), Polistes wasps 
(Dani 2006), and many species of ant (Dani 2006). Selection may favor 
some tolerance for mismatches with a guard’s template that will accommo- 
date incidental exposure and absorption of cues outside the nest environ- 
ment; for example, if one cue in the profile does not match the expected 
concentration, but the others do, a worker at the nest entrance would be 
treated as a nestmate. The value of tolerance for mismatches lies in reduc- 
ing the number of rejection errors of the sort involving mistaken exclusion 
of a nestmate. The loss of cues due to volatilization is potentially a very im- 
portant issue, as the thorax of flying bees and wasps may reach tempera- 
tures approaching 40°C (Stabentheiner et al. 2003); this is hot enough to 
significantly increase the volatility of many recognition compounds found 
on the insect cuticle. 

What happens when tolerance for mismatches is driven by the need to 
accommodate environmental influences on cue profiles, but selection also 
favors highly exclusive behavior? In this case the effect is to increase the 
necessary number of possible cues in the cue profile, thereby increasing 
the degree of redundancy in the cue. This allows the guard to crosscheck 
information within the cue profile in order to tolerate minor deviations 
from the expected and still have enough information to make accurate dis- 
criminations. 

If recognition phenotypes are genetically constrained, then the likeli- 
hood of identical or partial matches in recognition phenotypes will be 
correlated with the relatedness between the animals. Monozygotic twins 
are an extreme example of this; in humans strong resemblance in ap- 
pearance between monozygotic twins suggests nearly complete genetic 
constraint on physical appearance, with little phenotypic variation due to 
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the environment. If, on the one hand, selection favors preferential treat- 
ment of close relatives, then the most parsimonious system is one in 
which close relatives all have very similar cue profiles (and these profiles 
are similar to the animal in question). In this case, we predict that recog- 
nition phenotypes should be genetically constrained. If, on the other 
hand, the critical recognition discrimination is between members of a so- 
cial insect colony and members of other colonies, then selection should 
favor recognition phenotypes for which the underlying variation is 
largely environmental. Environmental variation reduces the likelihood 
of mistaking a worker from a closely related colony as a colony member. 
It also allows the formation of a colony-level recognition phenotype, 
even if there is considerable genetic diversity in the colony, as may occur 
if the queen has mated more than once (polyandry) or if there is more 
than one queen in the colony (polygyny). 

There are other routes for dealing with changed cue profiles due to en- 
vironmental influences while a worker is away from the colony. Dimen- 
sional information, such as the ratio between the concentrations of two 
compounds, should be relatively robust against the effects of dilution due 
to evaporation, as long as volatilities of the cue compounds are similar. For 
example, the use of dimensional olfactory information ratios (relative con- 
centrations) are probably more important than absolute concentrations for 
honey bees making discriminations between nestmates and non-nestmates 
(Breed, Diaz, and Lucero 2004). 

In sum, tolerance for template mismatches is an important aspect of 
nestmate recognition systems, as it reduces the potential for recognition 
errors in which nestmates are incorrectly excluded. Balancing this toler- 
ance is an increased likelihood that social parasites and robbers might 
enter the nest. Increased complexity of the recognition cue profile can 
ameliorate the effect of tolerance for mismatches of individual cues, as can 
the use of dimensionality and redundancy. 


Generating Variation: Neutral Substitution 


What mechanisms might allow for an adequate number of available cues 
to make discriminations? In other words, how does cue diversity arise in 
evolution? There are two possible routes, selective and neutral. The selec- 
tive route would involve a specific mechanism that has evolved to add cue 
diversity over time, analogous to the generation of diversity mechanisms 
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found in immune systems (Kelley, Walter, and Trowsdale 2005; Aertsen 
and Michiels 2005). It is possible, as in the case of the immune system of 
vertebrates, that allelic diversity at certain loci is actually fostered or en- 
hanced by special mechanisms that generate variation at far more rapid 
rates than in other portions of the genome. This variation allows organ- 
isms to generate novel immune recognition phenotypes that accumulate 
and help to anticipate new infections. For example, social recognition in 
many vertebrates is mediated by odors that are correlated with MHC 
phenotypes, meaning that social recognition piggybacks on the pheno- 
typic recognition generated by the immune system (Penn and Potts 
1999). 

In contrast to the selective route, we favor the neutral route as an expla- 
nation for the evolution of diversity in social recognition phenotypes. Nat- 
ural selection generally trims variation that arises due to mutation or novel 
recombinations; we hypothesize that in recognition systems we are more 
likely to find variation that is generated by accumulated mutational changes 
under relaxed selective conditions than by novel genetic processes that 
create new variation. This leads to consideration of how such variation might 
develop in a way that evades the evolutionary processes that normally trim 
such variation. 

Neutral substitutability of recognition phenotypes lies at the core of our 
understanding about phenotypic diversity in recognition cues (Buchwald 
et al. in prep.). Neutral substitution is the ability of evolutionary processes 
to substitute one phenotype for another, in a recognition context, without 
impairing the functionality of the phenotype in its use in another context. 
For example, nestmate recognition cues are most likely features (generally 
chemical compounds) that are already present as phenotypes in other con- 
texts and that are co-opted for use as recognition cues. However, in order 
to function as recognition cues, these features must vary phenotypically 
among individuals and/or colonies. 

Human facial phenotypes provide a useful analogy to clarify this point 
(Loffler et al. 2005). Human faces vary substantially in appearance, yet as 
long as the basic functions of chewing, breathing, smelling, and seeing are 
not impaired, this variability is easily accommodated. Human mate choice 
does not dictate a single facial phenotype, as there is variation among hu- 
mans in their preferences for facial phenotypes of their mates (Grammer 
et al. 2003). Therefore, the variation in human facial phenotypes that is es- 
sential for individual recognition is neutrally substitutable as long as that 
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variation does not effect motor and sensory function, and to a certain ex- 
tent, mate choice. 

In neutral models there is an accumulation of genetic variation over 
time that is not subject to the pruning or canalization that typically results 
from selection. In the case of nestmate recognition by social insects, epicu- 
ticular compounds important in waterproofing the exoskeleton have been 
co-opted as recognition cues. The plethora of possible epicuticular hydro- 
carbons including alkanes, alkenes, methylalkanes, and in the case of 
honey bees, fatty acids (Breed 1998), provides a possible basis for exactly 
the sort of variation required for nestmate identifications. If many differ- 
ent compounds can serve the same waterproofing purpose—this seems to 
be the case, although this has not been directly tested—then over time, 
variation in the genes for enzymes underlying the manufacture of these 
compounds should, in fact, accumulate. 

Under these conditions, how does the recognition phenotype reflect the 
underlying genotype of the animal? We do not expect a 1:1 correspon- 
dence between gene and recognition cue, as each of these types of com- 
pounds is the result of a multi-step metabolic pathway, with each step 
catalyzed by one or more enzymes. Variation between individuals in cutic- 
ular compounds is the cumulative result of variation in the kinetics of 
many enzymes. Thus, studies of the genetics of social recognition cues 
usually find strong genotype/phenotype correlations (Breed 1998). Neutral 
substitution can then be seen as permitting alleles for a broader range of 
enzyme kinetics than might be expected if the concentration of each com- 
pound on the cuticle of the insect was critical to waterproofing the animal. 

We have tested this concept of neutral substitutability in A. mellifera. 
This model differs somewhat from the generalized system discussed above 
in that the key recognition compounds have a structural role in beeswax, 
rather than serving as barriers to water loss through the cuticle. In this 
species, cuticular fatty acids are key recognition compounds, but these 
compounds are also prominent components of beeswax (Breed 1998). All 
colonies have some of the same fatty acids in their wax and on the bees, but 
the acids differ in relative concentration among colonies. Adult bees 
emerge from the pupa with a blank recognition profile. Only after physical 
contact between worker bees and the wax comb in their colony do the bees 
acquire their chemical identity (Breed et al. 1995). Because it is acquired 
from nest materials, the workers in a colony all carry a similar fatty acid 
profile regardless of genetic relatedness. 
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These same fatty acids also play a critical role in determining the physi- 
cal characteristics of beeswax. This raises the question of how variation in 
wax composition, and hence variation in recognition cues among colonies, 
is tolerated. We found that, among saturated or unsaturated fatty acids, 
substitution of one fatty acid for another results in no significant change 
in the mechanical characteristics of the beeswax. The same substitution, 
however, would create a completely different recognition signature. This 
model of neutral substitution also works well when considering pheno- 
types used in visual and auditory recognition systems. Thus neutral substi- 
tution should be viewed as sharing importance with generation of diversity 
mechanisms in explaining diversity of recognition phenotypes. 


Discriminatory Ability 


The idea of neutral substitution is complemented by models that focus on 
the information processing abilities of the guards in a social insect colony. 
To maintain cue diversity, selection operates on the animal using a tem- 
plate to make more accurate discriminations and on the animal presenting 
a cue profile to produce the needed information accurately. An obvious 
route for improved discrimination ability in social insects is the evolution 
of compound-specific chemoreceptors, which offer finer resolution than 
receptors that respond to general classes of compounds. Another route is 
to move beyond a simple presence/absence approach in olfactory informa- 
tion processing toward the ability to discriminate concentrations of com- 
pounds. From an information processing point of view, using relative 
concentrations of compounds in a recognition signature, rather than pro- 
cessing each compound separately, allows animals making social discrimi- 
nations to glean more information from a smaller number of cues. That, 
however, requires a more chemosensitive and possibly more expensive 
recognition system. For olfactory cues, information based on relative con- 
centrations of more than one compound are reasonably robust against the 
effects of dilution; an animal perceived from a distance will be incorrectly 
identified if the concentration of each compound is assessed separately in 
a template, but will likely be correctly identified if the concentrations of 
the compounds relative to each other are considered (Breed, Diaz, and 
Lucero 2004). Ifa compound stimulates a generalized receptor that responds 
to many compounds of the same functional group, then the information 
from a set of compounds with similar structures is limited at best. This 


182 Communication 


leads to selection for receptors with high specificity, like those that are typ- 
ically involved in pheromone perception. 

Selection should act on the animal making discriminations in other 
ways, as well. Humans can make very fine distinctions based on details of 
facial features, identifying gender, assigning age, and recognizing individu- 
als with great accuracy. It is not surprising that human social behavior has 
led to selection on the receiver of recognition visual cues to be capable of 
finely dividing the variation in cues (Breed, Diaz, and Lucero 2004). The 
same principle should apply to receivers of olfactory information, and 
there are three possible ways in which this may play out at the receptor 
level. First, as pointed out above, compound-specific receptors, or at least 
compound-specific coding from groups of broad-spectrum receptors, 
would increase olfactory acuity. Second, ability to make fine discrimina- 
tions based on concentrations would be an advantage, as long as dilution 
was not an issue. Finally, sensitivity to very low concentrations of com- 
pounds might add to the number of possible recognition cues. 

Returning to the human model, there is no doubt that our perceptual 
and information processing abilities are finely tuned for making social dis- 
tinctions. Humans can recognize hundreds, or even thousands, of other in- 
dividuals, and can do so in both visual (facial recognition) and auditory 
(voice recognition) modes. For social insects, the general problem is sim- 
pler; typically, one cue profile that represents their colony is learned and is 
used in what amounts to self versus non-self discriminations (Ratnieks 
1991). Nevertheless, distinctions between relatively small differences in 
cue profiles may be important in intracolony discriminations. Many studies 
have postulated within-colony discriminations in social insects (e.g., Dani 
2006), but there is little empirical evidence to support the expression of 
such discriminations (Breed, Diaz, and Lucero 1994). Within-colony dis- 
criminations between patrilines or matrilines would require very highly 
tuned discriminatory abilities, and presumably genetic and environmental 
variation among these groups would be very low. 


Redundancy 


The critical nature of social recognition in the survival and reproduction 
of social animals favors the evolution of redundant systems to double- 
check social identifications. Two or more distinct modes of recognition, 
each with moderate or even low accuracy, can yield more accurate overall 
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identifications than a single recognition mode, even if that phenotype can 
support discriminations with a low error rate. 

Cue redundancy does insure against mistakes, but it also carries the 
costs associated with producing, perceiving, and processing additional 
cues. Recognition of individuals by humans is a good example of recogni- 
tion redundancy; we can recognize others by facial appearance, voice, gait, 
posture, and perhaps odor. Any one of these information sets is typically 
adequate for recognition; the multiple recognition modes allow for confir- 
mation of identifications and for identification in a variety of environmen- 
tal contexts. Redundancy is achieved by dividing the overall cue profile 
into subsets. When identifying another animal, an individual may first as- 
sess whether there is a match within one learned recognition subset and 
then assess among other subsets for verification. 

On initial consideration, it may seem that redundancy would require 
production of parallel cue sets, each with the same amount of information 
that would be needed if the animal was relying on one cue set. Suppose 
that the error rate in recognition from a single cue set is high, perhaps 20% 
misidentifications. If the animal also uses a second, independent, cue set 
with an equally high rate of misidentifications, the overall error rate is the 
product of the two error rates, or 4%. Thus, use of redundant cue sets can 
significantly reduce the number of cues needed for discrimination. 

It is easy to see, in the example of human recognition, how facial ap- 
pearance and voice can be used independently, and how humans can ex- 
ploit this redundancy to make more accurate social identifications. In the 
end, it may be easier to evolve the ability to make discriminations based on 
two or three relatively less informative cue sets that, when used redun- 
dantly, give accurate discriminations, than to evolve a single highly inform- 
ative cue set. 


Modeling Cue Diversity 


How many cues are necessary for a nestmate recognition system to func- 
tion? Using principles derived from our answers to the three questions 
posed at the beginning of the chapter, we now outline simple models for 
calculating the amount of information needed to recognize individuals in a 
population, and for predicting the number of distinct recognition pheno- 
types in a population. While these models are powerful predictors, they 
quickly run onto the rocky shoals of biological reality—they are here 
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provided as a starting point in developing an understanding of recognition 
systems, rather than a conclusion. 

We predict that the number of available recognition phenotypes in a 
population will far exceed the number of individuals; the number of phe- 
notypes needed to support discriminations is driven by the probability of 
phenotype matches when phenotypes are drawn randomly from the pool 
of available phenotypes. Colonies that are closely related may reside close 
to one another; therefore, variability in cue profiles must be reflective of 
genetic variance with a resolution that is high enough to override popula- 
tion viscosity. Alternately, there could be an environmental component to 
the variation that drives dissimilarities in cue profiles even though colonies 
share considerable genetic identity by descent. Interestingly, most studies 
suggest that variation in cue profiles lies in endogenously produced com- 
pounds, rather than compounds acquired from the environment (Dani 
2006), and that additive genetic factors, rather than environmental influ- 
ences, affect the metabolic variation among colonies in producing cue 
compounds (Dani 2006). 

Our approach stands in strong contrast to previous attempts to analyze 
this question. Ratnieks (1991, and studies cited therein) built models of 
phenotypic diversity using an allelic approach. Our argument is that the 
number of recognition phenotypes defies allelic modeling because the per- 
ceived number of phenotypes is a result of the sensory and information 
processing limitations in the animal attempting to perceive the phenotype. 
The ecological context in which a cue is presented also has a dramatic ef- 
fect on the perceptible number of phenotypes from that cue. Added to 
this, we must consider that most phenotypes that could be used in social 
recognition are the result of interactions among several genes. 

Basic information theory tells us that one bit of information is adequate 
to allow recognition of two individuals, two bits combine to allow recogni- 
tion of four distinct interactants, and so on. This approach can be used to 
calculate the number of character states needed to provide individually 
unique labels to each animal in an N-member population. This model is 
excellent, for example, in determining how many telephone numbers are 
necessary to uniquely identify all nodes in a telephone network. If there 
were a way of regulating the assignment of numbers (analogous to pheno- 
types) so that no number is used more than once, there would be no need 
to have numbers in excess of the individuals requiring them. However, if 
numbers are at risk for being re-drawn from the pool, confusion will reign. 
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The only solution is for the number of distinct identifiers to far exceed the 
number of individuals to be identified. That way probabilistic processes 
take over, ensuring a low rate of phenotypic matches in the population. 

Recognition phenotypes should express a colony-level identity rather 
than individual identities in social insects. In addition to overcoming pos- 
sible difficulties due to high intracolonial genetic variance among workers, 
a colony-level phenotype simplifies the discrimination task for guards, 
which need to only master one recognition template if there is a single cue 
profile that represents the entire colony. While Breed and Bennett (1987), 
in an early analysis of how cue templates and profiles might be handled, 
postulated that guards might use multiple templates, subsequent work has 
found mechanisms for establishing colony-level cue profiles (and therefore 
templates) in a variety of social insect taxa. In A. mellifera the comb wax 
serves as a repository and source for cue compounds (Breed 1998), while 
the nest of Polistes wasps (Dani 2006) and the hypopharyngeal gland of 
many ants (Lenoir et al. 2001) serve analogous functions in those taxa. 

Based on the assumption that social recognition operates at the colony 
level in social insects, we can now model cue diversity at the appropriate 
scale for this system. Figure 8.1 illustrates the probability of a pair of 
colonies possessing matching cue profiles as a function of the number of 
available profiles and the size of the population. Unfortunately, few data 
are available to tell us how many colonies typically form a potentially inter- 
acting subpopulation. Logic and casual observation suggests that 10 is too 
few and 1,000 is too many. Assuming subpopulations contain 50 to 100 po- 
tentially interacting colonies, these curves suggest that between 2,000 and 
10,000 unique signatures would be adequate to achieve a low—perhaps 
1% or less—probability that two colonies would possess matching signa- 
tures. The asymptotic nature of the curves suggests that little additional 
benefit, in terms of preventing matches of this sort, is gained by adding ad- 
ditional cue profiles. 

Extending this line of reasoning, we can ask how a certain number of 
cue profiles might be obtained. The simplest olfactory distinction is pres- 
ence versus absence (i.e., compound concentration is above or below a 
sensory threshold). The next step would involve three discernable levels; 
from this point, finer olfactory discriminations would result in increasing 
numbers of possible signatures. In Figure 8.2 we use genetic loci and alle- 
les as a basis for modeling. For our purposes, a locus is analogous to a 
single chemical compound in a cue profile, and an allele is analogous to the 
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ability of the insect to discriminate among concentrations of the com- 
pound. Two “alleles” allows for three discriminable concentrations (aa, ab, 
bb), and so on. In Figure 8.2 we show that, in terms of generating large 
numbers of cue profiles, it is far more effective to add loci and have rela- 
tively few alleles per locus than it is to add alleles at relatively few loci. By 
analogy, this leads to the prediction that cue profiles should contain many 
compounds, although fine distinctions on the basis of concentration are 
not expected. 

Finally, it is necessary to explore, for chemical cues, how both the num- 
ber of compounds in the cue profile and the ability of the insect to make 
distinctions among concentrations of those compounds affect the number 
of potential cue profiles. In Figure 8.3 we assume that population size and 
the need to avoid matching profiles combine to establish the need for a 
minimum of 5,000 and a maximum of 100,000 profiles. Based on our pre- 
diction that cue profile diversity will depend on larger numbers of com- 
pounds rather than fine olfactory distinctions among concentrations, and 
the curve in Figure 8.3, we predict that cue profiles will, generally, be 
composed of 13 to 16 compounds for which high and low concentrations 
can be discriminated, or 8 to 10 compounds with somewhat finer olfactory 
distinctions. 

This argument hinges in part on the assumption that there is a cost to 
having a larger number of cue profiles available. If there were no cost, 
then there would be no limit to cue profile complexity and social discrimi- 
nations would be unfailingly accurate. These costs can take two forms, 
inter-individual variability in compound concentrations and the chemosen- 
sory and information processing abilities, as discussed previously in this 
chapter. These costs are hypothetical, but we think it is reasonable to 


Figure 8.1. Here we illustrate the probability of a pair of colonies possessing 
matching cue profiles as a function of the number of available profiles and the 
size of the population. The x-axis is the number of distinct cue profiles available 
in the population, and the y-axis is the probability, by random draw, of two 
colonies possessing the same profiles. In small populations, illustrated in upper 
left and lower left panels, 100 to 1000 cue combinations are adequate to 
discriminate among colonies with greater than 95% accuracy. The same level of 
accuracy requires 10000 or more cue combinations of large populations (more 
than 1000 colonies). 
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Figure 8.2. How many cue combinations can be generated if there is a one-to- 
one correspondence between genotype and cues? The top panel, 2a, illustrates 
the effect of adding alleles at a single locus and the middle panel, 2b, the effect 
of adding alleles at two loci. The bottom panel, 2c, shows the effect of 
increasing the number of loci while the alleles are kept constant at two. Far 
more combinations are generated by increasing the number of loci, rather than 
increasing the number of alleles at a limited number of loci. 
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Figure 8.3. This table takes into account the ability of workers to discriminate 
among cue concentrations or intensities. For convenience these can be thought 
of a chemical compounds along a concentration gradient. The x-axis of the table 
is the number of distinct concentrations along a gradient that might be 
discriminated, the y-axis is the number of cue compounds in the mixture. 
Unshaded numeric values in the table indicate the number of distinct 
signatures; these are in the range required for accurate discrimination in large 
populations (see Figure 8.1). The light gray shaded region yields too few 
combinations and the dark gray shaded region excess combinations for accurate 
discrimination. From this table we can predict how many cues and levels of 
discrimination might be in a cue profile. 
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assume that they pose a selective counterbalance to factors that favor high 
cue diversity. 


Empirical Studies: How Many Cues Are Out There? 


How many cue compounds are actually used by social insects in nestmate 
identifications? To answer this question we must first ask how we know 
which compounds are used as cues. Most studies have begun with an ex- 
amination of insects’ surface chemistry or nest environment as a source of 
candidate cue compounds. Uncritical acceptance of the hypothesis that all 
compounds are used as cues has resulted in the unfortunate mistake of in- 
cluding many non-cue compounds in an analysis of discrimination among 
honey bee subfamilies within colonies. Yet bioassays of compounds for ac- 
tivity in nestmate recognition cue profiles need to be carefully applied to 
avoid misinterpretations due to false positives or false negatives. Breed 
(1998) discussed the criteria that should be applied in careful bioassays for 
the role of chemicals in nestmate recognition profiles. Appropriate bioas- 
says have been conducted in only a handful of species, but these serve as 
an excellent starting point for testing the models for cue diversity pre- 
sented above. 

The number of compounds on the surface of an insect is incredibly vast, 
but the limited evidence available suggests that only a restricted subset is 
actually used in making nestmate/non-nestmate discriminations. The honey 
bee appears to use approximately 14 compounds in its profile (Breed 1998). 
Six of these are free fatty acids and the remainder are approximately eight 
odd-chained alkenes (c-21 to c-35). Of other available cue compounds, 
honey bees do not seem to use floral odors (oils), which could number in 
the hundreds or thousands of different compounds in the colonial environ- 
ment (Bowden, Williamson, and Breed 1998). Honey bees also seem not to 
use alkanes in discriminations even though these are the dominant com- 
pounds on the surface of honey bees and in beeswax (Breed 1998). In 
recognition bioassays, honey bees respond to hexadecane and octadecane 
as if they were cue profile compounds; however, these compounds are pres- 
ent in only trace amounts in beeswax and on the epicuticle of bees, suggest- 
ing that perhaps they are not present in adequate quantities to serve as 
cues. The predominant alkanes of beeswax and the honey bee epicuticle are 
higher molecular weight odd-chained alkanes (c-21 to c-35) which do not 
function as cue compounds in bioassays (Breed et al. 1998). 
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Polistes sp. uses c-21 to c-31 alkenes and methylalkanes in nestmate 
recognition, but not straight-chain alkanes; based on Dani et al.’s (2001) 
data, Polistes dominulus may use 12 compounds in its recognition profile. 
The ant Myrmecia gulosa may use 13 compounds in its recognition profile 
(Dietemann et al. 2003), while another ant, Camponotus fellah, which uses 
c-25 to c-31 methylalkanes as the basis of its recognition profile, may also 
employ 13 such compounds (Boulay et al. 2000). 

Thus there is an apparent convergence on the use of 12 to 14 com- 
pounds in cue profiles, although these data are admittedly based on a small 
sample size and on the assumption that all cue compounds have been 
identified in these species. If this assumption holds, and the number of cue 
compounds is, in fact, in this range, then this corresponds well to the pre- 
diction made on the basis of Figure 8.3. If each compound is discriminated 
as being above or below a threshold concentration, or in three concentra- 
tion steps, then the range of cue profiles available in a population would be 
from somewhat more than 5,000 to over 100,000, an ample number to pro- 
vide unique identification of a large number of colonies (Figure 8.1). 

Species exceptional to this argument are those that use environmentally 
derived odors in their cue profile. Notably, the stingless bee Trigona ful- 
viventris has shown the ability to use at least some floral oils in its cue pro- 
file, in addition to fatty acids, alkenes, and alkanes (Buchwald and Breed 
2005). While we know less about the potential number of cue compounds 
in this species, the addition of floral oils to a cue profile that is otherwise 
similar to the honey bee’s surface chemistry greatly increases the possible 
number of cue profiles in a population. 

One factor that is not considered in this model is similarity in cue profile 
due to genetic similarity, which may be particularly important in colonies 
with strong genealogical linkage (such as queens that are sisters) or in pop- 
ulations with inbreeding. As little data is available on the viscosity of social 
insect populations, there is no way of knowing for most species how com- 
mon it is for closely related gynes to settle near one another, nor how such 
conditions might, in an evolutionary time span, affect the recognition sys- 
tem of the species. For example, in honey bees comb wax from closely re- 
lated colonies is similar in its composition and exposure of workers to 
similar comb wax can result in recognition errors (Breed et al. 1995). Our 
analysis applies equally well to environmentally derived or genetically cor- 
related cues. 
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Conclusions and Future Directions 


Social discrimination is a driving force in the evolution of socially interact- 
ing species. In answering the questions posed at the beginning of this 
chapter we have made five key predictions: (1) cues used in social discrim- 
ination will be co-opted from other contexts, but that neutral substitution 
among an array of possible phenotypes will support generation and main- 
tenance of the phenotypic diversity needed for distinct labels at the indi- 
vidual or colony level in a population; (2) there is no special mechanism for 
the generation of diversity, such as is found in immune systems, that oper- 
ates in creating enough phenotypic diversity for social recognition; (3) dis- 
crimination using chemical compounds will be based on concentration 
ratios among those compounds, rather than fine distinctions based on indi- 
vidual compound concentrations; (4) cue profiles containing 13 to 16 com- 
pounds will be adequate for discrimination at the colony level with a 
tolerably low error rate in most populations; and, (5) future studies will re- 
veal redundant mechanisms of social identification in eusocial insects, and 
these redundancies will serve to increase the accuracy of identifications. 
These predictions could be used to test hypotheses concerning social 
recognition outside of the eusocial insects, including vertebrate taxa that 
use visual or auditory cues. 
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THE SENSE OF SMELL is a very important sensory modality in social in- 
sects; numerous pheromones and chemical cues are utilized for fine-tuned 
interactions between colony members. Trail-following behavior of ants is 
one prime example illustrating the challenges the olfactory system of so- 
cial insects had to meet during evolution. Trail following requires the de- 
tection of minute amounts of the trail pheromone. Individual workers 
have to distinguish between conspecific and heterospecific trails. More- 
over, a pheromone trail changes over time, has variable concentrations, 
and can be modified by the ants with additional components leading to dis- 
tinct recruitment. Besides trail-pheromone communication in ants, the ol- 
factory system is of paramount importance for nestmate recognition and 
regulation of reproduction. Specificity is often attained by a mixture of sev- 
eral components which differ in their ratios. 

To add to the intricacy of pheromone communication, the behavioral re- 
sponses to pheromones are often context dependent: individuals change 
their response to the same stimuli in the course of their life and depending 
on the task they perform (e.g., nursing versus foraging). In order to achieve 
all these tasks, the olfactory system has to be very flexible with high dis- 
crimination power and context sensitivity. 

In social Hymenoptera, we find enormous diversity in life history and so- 
cial structures, allowing for ample comparative studies across species. 
Within species, we find phenotypic plasticity at different levels of olfactory 
brain centers and at different life stages. This phenotypic plasticity is im- 
portant in promoting division of labor and social organization of the colony. 
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Figure 9.1. The olfactory pathway of Hymenoptera. A: 3-D reconstruction of a 
whole ant brain (Atta sexdens) showing the major neuropils and schematically 
two prominent antenno-cerebral tracts (L. Kiibler). B: Multiple olfactory 
receptor neurons (only 3 of about 20 mORNs are shown) of two poreplates 
(PP) send their axons via different sensory tracts (T1-T4) to the glomeruli (G) 
of the antennal lobe (AL) (C. Kelber). C: Schematic overview of the central 
olfactory pathway in the honey bee. The left side shows the projection of the 
multiglomerular projection neurons (ml-ACT) which receive their input from 
many glomeruli across the antennal lobe and target the lateral horn (LH). The 
right side shows the projection of the uniglomerular projection neurons via the 
medial (m-ACT) and the medio-lateral antenno-cerebral tract (mlACT), receiving 
input from glomeruli in two separated hemispheres of the antennal lobe, and 
target the mushroom body calyces and the LH. AL, antennal lobe; OL, optic 
lobes; CB, central body; MB, mushroom body; ICA, lateral calyx; mCA medial 
calyx; a, alpha lobe of the MB. Modified from Kirschner et al. 2006. 
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In this chapter we focus on the neuroanatomy and neurophysiology of the 
olfactory system (Figure 9.1A) and pose the following questions: What are 
the specific traits within the olfactory system of Hymenoptera compared to 
other insects? How do these traits relate to the evolution of sociality? 


The Insect Nose 


The olfactory organ of an insect is the antenna, which is densely packed with 
various types of sensilla. Most of the sensilla serve odor reception and, to- 
gether with sensilla for taste and mechano-, thermo-, and hygroreception, 
the antenna functions as a multimodal sensory organ. Analogous to the com- 
pound eye, the term compound nose was introduced for the insect antenna 
to account for the organizational principle of multiple and similar functional 
units (Hekmat-Scafe, Steinbrecht, and Carlson 1998). The sensilla are the 
functional units of the antenna and each sensillum houses from one up to 
numerous receptor neurons (Figure 9.1B). In contrast to only a few associ- 
ated receptor neurons per sensillum in most insects, olfactory sensilla in Hy- 
menoptera have multiple olfactory receptor neurons (for review, see Keil 
1999), ranging from 5 to about 50 neurons in pore plate sensilla (Slifer and 
Sekhorn 1961; Barlin and Vinson 1981) to more than 100 neurons in basi- 
conic sensilla of some solitary Hymenoptera (Martini 1986; Isidoro, Romani, 
and Bin 2001). Besides. Hymenoptera, multiple olfactory receptor neurons 
have so far been found only in grasshoppers (Saltatoria) which also have an 
exceptional olfactory system in many respects (Blaney 1977). The functional 
significance of multiple olfactory receptor neurons in Hymenoptera is un- 
known and is subject to one of our case studies presented below. 

The odor specificity of an olfactory receptor neuron is given by its recep- 
tor molecules, located in the membrane of the dendrites, and by binding 
proteins which are thought to transport odor molecules through the sensillar 
lymph to the dendritic membrane. The olfactory receptor neurons of the 
honey bee for general odors respond to various chemical substances (broadly 
tuned), and different neurons have overlapping receptive fields (Lacher and 
Schneider 1963). Thus, different types of olfactory receptor neurons are ac- 
tivated in response to stimulation with a single odor component. General 
odors in nature are commonly mixtures of many different components. In 
response to a natural odor, a multitude of the 65,000 olfactory receptor neu- 
rons of a honey bee antenna are activated (Esslen and Kaissling 1975). In 
contrast to olfactory receptor neurons for general odors, pheromone recep- 
tor neurons are often very specifically tuned to a single component. This is 
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well documented for sex-pheromone receptor neurons in moths and also 
seems to be true for some pheromone receptor neurons in ants (Dumpert 
1972). The olfactory receptor neurons are primary, bipolar receptor neu- 
rons, sending their axons via the double-strand antennal nerve to the anten- 
nal lobe where mainly olfactory and gustatory information are processed. 


Organization of the Antennal Lobe 


The olfactory receptor neurons terminate in spheroid processing units of 
the antennal lobe, known as glomeruli (Kelber, Réssler, and Kleineidam 
2006; Mobbs 1982). At the entrance of the antennal lobe, the olfactory re- 
ceptor neurons are sorted according to their odor specificity. For example, 
in Drosophila it was shown that the sorting into glomeruli relates to the 
expression of receptor molecules (Vosshall, Wong, and Axel 2000). This 
organization results in a spatial representation of odors in the antennal lobe 
which can be visualized with functional imaging techniques (calcium- 
imaging) first employed in honey bees (Joerges et al. 1997), and later in 
other insects as well (Galizia, Menzel, and Hélldobler 1999; Carlsson, Gal- 
izia, and Hansson 2002; Fiala et al. 2002; Hansson, Carlsson, and Kalinova 
2003). Odors evoke neural activity in several glomeruli, and each glomeru- 
lus participates in the evoked response of several odors, resulting in an odor 
specific spatio-temporal activity pattern (Galizia et al. 1997; Sachse, Rap- 
pert, and Galizia 1999). The glomerular activity is concentration depen- 
dent, but the glomerular patterns are concentration invariant over a wider 
range of concentrations (Sachse and Galizia 2003). Pheromones (non sex 
pheromones) in honey bee workers seem to be represented in a similar way 
as general odors and preliminary data show the same for ants (Zube et al. 
2008; Galizia, Menzel, and Hélldobler 1999). The spatial representation of 
odors in the antennal lobe correlates well with perceptual quality of the 
same odors tested in behavioral experiments (Guerrieri et al. 2005). 

In honey bees, about 160 glomeruli are located in a peripheral layer of 
the antennal lobe around a nonglomerular central core (Arnold, Masson, 
and Budharugsa 1985). All of the investigated ants have even more 
glomeruli, which are arranged in piles or clusters. (Goll 1967; Kleineidam 
et al. 2005; Zube et al. 2008). Similar arrangements of glomeruli were also 
found in solitary wasps (Smid et al. 2003). As in other insects, the antennal 
lobe of Hymenoptera is a site with high neuronal convergence; for example, 
the ratio of terminating olfactory receptor neurons to neurons leaving the 
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antennal lobe is about 80:1 in the honey bee (65,000 olfactory receptor neu- 
rons). It appears that the arrangement of glomeruli in the antennal lobe is 
highly organized and that functionally corresponding glomeruli are almost 
invariant in their relative position across individuals (Galizia, Sachse, et al. 
1999). Individually identifiable glomeruli (primary glomeruli; Rospars 
1988) can be used as landmarks to build an atlas of the entire antennal lobe. 
In Hymenoptera, we currently have digital atlases available for the honey 
bee and a parasitoid wasp which facilitate detailed comparative studies 
(Galizia, McIlwrath, and Menzel 1999; Smid et al. 2003; Brandt et al. 2005). 
Intrinsic neurons (local interneurons) interconnect the glomeruli. In honey 
bees, about 4,000 such neurons can be subdivided by their morphology into 
groups of homogeneous and heterogeneous local neurons (Flanagan and 
Mercer 1989). All local neurons are multiglomerular, innervating many 
different glomeruli, and have their somata in a lateral cell cluster of the an- 
tennal lobe. Homogeneous local neurons arborize in most glomeruli through- 
out the antennal lobe, while heterogeneous local neurons innervate a single 
glomerulus densely and many glomeruli on the opposite side of the anten- 
nal lobe sparsely (Fonta, Sun, and Masson 1993; Sun, Fonta, and Masson 
1993; Abel, Rybak, and Menzel 2001). 

At the output level of the antennal lobe, odor information is relayed via 
a combinatorial activation of projection neurons (combinatorial code) to 
higher brain regions. The odor code carried by olfactory receptor neurons 
is reformatted by the neuronal network of the antennal lobe to the projec- 
tion neurons. The temporal structure of odor-induced activity in projec- 
tion neurons is often complex (Laurent 2002; Lei, Christensen, and 
Hildebrand 2004), and the question of which parameters code for odor 
quality and intensity still remains unanswered (Menzel et al. 2005). 

Besides the sensory input from the olfactory receptor neurons, the an- 
tennal lobe is innervated by various descending neuromodulatory systems 
(Schiirmann and Klemm 1984; Bicker 1999; Schachtner, Schmidt, and 
Homberg 2005; Scheiner and Erber, this volume). A recent phylogenetic 
study of the serotonergic system within the antennal lobe across several 
insect orders revealed a disparate innervation in Hymenoptera (Dacks, 
Christensen, and Hildebrand 2006). Our own work on ants confirm a 
cluster-specific serotonergic innervation of the antennal lobe, and similar 
features were found for other neuromodulatory systems as well (Réssler, 
unpublished data; Hoyer, Liebig, and Réssler 2005; Ziegler et al. 2007). 
Besides Hymenoptera, however, little is known about the role of serotonin 
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in insect odor coding (Mercer, Kloppenburg, and Hildebrand 1996; Klop- 
penburg, Ferns, and Mercer 1999). 

Researchers are just beginning to exploit such distinct features of the 
highly evolved olfactory system of social hymenoptera to unveil how, for 
example, pheromone information is handled in contrast to general odor in- 
formation and context (Zube et al. 2008). 


Higher Brain Regions for Odor Processing 


The projection neurons of the antennal lobe leave the first olfactory neu- 
ropil toward higher association centers in the mushroom bodies (the struc- 
tural organization and function of the mushroom bodies is described in 
detail by Gronenberg and Riveros, this volume) and the lateral horn of the 
protocerebrum (Mobbs 1982; Abel et al. 2001). Based on their receptive 
field, two types of projection neurons can be distinguished: uniglomerular 
and multiglomerular (Figure 9.1C). All projection neurons are bundled 
in several antenno-cerebral tracts, suggesting multiple pathways for the 
transmission of olfactory information from the antennal lobe to higher as- 
sociation centers (Abel et al. 2001; Miiller et al. 2002; Menzel et al. 2005). 
In the honey bee, an additional antenno-cerebral tract comprising only 
uniglomerular projection neurons was found. This tract (lateral antenno- 
cerebral tract; Figure 9.1C) is not present in Diptera and Lepidoptera and 
indicates an evolutionary derived or new pathway, further supporting the 
idea of a highly evolved system in Hymenoptera (see our case study below) 
(Kirschner et al. 2006). Uniglomerular projection neurons form character- 
istic synaptic complexes (microglomeruli) in the olfactory input regions of 
the mushroom bodies where odor information is synaptically relayed to 
mushroom body intrinsic neurons termed Kenyon cells (Mobbs 1982; 
Ganeshina and Menzel 2001; Frambach et al. 2004; Groh, Ahrens, and 
Rossler 2004). Interestingly, these large synaptic complexes appear to be 
very similar across insect species, and our current studies indicate that 
microglomeruli exhibit a high degree of structural synaptic plasticity. 

Odor information is transformed (reformatted) from the combinatorial 
code of projection neurons to the population code of Kenyon cells (Perez- 
Orive et al. 2002; Szyszka et al. 2005). In contrast to the projection neu- 
rons, odor-activated Kenyon cells are highly odor specific with a brief 
phasic response (sparse activation). The sparse odor code in Kenyon cells 
is perhaps supported by synchronized projection neurons (Lei, Chris- 
tensen, and Hildebrand 2004). 
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Neuronal Plasticity in Primary and 
Secondary Olfactory Centers 


Neuronal plasticity in olfactory centers may occur at several levels during 
the life of insects. In general, we can distinguish postembryonic develop- 
mental plasticity from adult plasticity caused by experience, learning, and 
memory (Meinertzhagen 2001). Adult plasticity and learning and memory 
have been investigated primarily in the social hymenoptera. Environmental 
effects during postembryonic development and their influence on the adult 
nervous systems have not been systematically investigated until recently 
(see our case studies below). Studies of the honey bee have been mostly fo- 
cused on volume changes in the antennal lobes and the mushroom bodies 
associated with the transition from nurse bees to foragers during adult life 
(e.g., Withers, Fahrbach, and Robinson 1993; Durst, Eichmiiller, and Menzel 
1994; Sigg, Thompson, and Mercer 1997; Farris, Robinson, and Fahrbach 
2001; Fahrbach 2006). The studies show that in the adult antennal lobe, dis- 
tinct olfactory glomeruli may increase in volume, and this volume change 
was reversible and task dependent. In a recent electron microscopy study, 
volume increase in a particular glomerulus was correlated with an increase 
in synapses, whereas in other cases the density of synapses was not signifi- 
cantly different (Brown, Napper, and Mercer 2004). The most pronounced 
changes in volume in honey bee and ant adult brain neuropils were found in 
the mushroom bodies and were shown to be associated with age, experience, 
and behavioral transitions (Gronenberg and Riveros, this volume). Olfac- 
tory learning and memory has been extensively investigated in the honey 
bee and in Drosophila, and has been reviewed in detail elsewhere (Menzel 
and Giurfa 2001; Heisenberg 2003). 

To date, none of the traits described for the olfactory system of social 
hymenoptera (multiple olfactory receptor neurons, compartmentaliza- 
tion of the antennal lobe, large number of heterogeneous local neurons, 
additional antenno-cerebral tract, and distinct neuromodulatory systems) 
has been demonstrated to be a specific adaptation to social life. Compara- 
tive data of solitary versus social Hymenoptera are missing with respect to 
the antennal lobe network (proportion of heterogeneous local neurons), and 
only little is known about the evolution of the additional antenno-cerebral 
tract found in honey bees and ants. Likewise, we lack comparative infor- 
mation about the neuromodulatory systems innervating the antennal lobe. 
In search of adaptations for social life, we have to be aware that traits we 
find in Hymenoptera might indeed be a necessary prerequisite for an 
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advanced social odor communication; however, solitary hymenoptera 
might possess and exploit the same traits in a different context. 


Case Studies 


The Multiple Receptor Neurons of Olfactory Sensilla 


In Hymenoptera, the olfactory sensilla house many olfactory receptor neu- 
rons. The adaptive value of this organization principle is unknown. Even 
the odor specificity of the olfactory receptor neurons aggregated within a 
single sensillum is unknown. We addressed this question by investigating 
single sensilla in the honey bee. The poreplate sensilla are equipped with 5 
to 35 olfactory receptor neurons (Slifer and Sekhorn 1961). Since function- 
ally corresponding glomeruli are almost invariant in relative position to 
each other across individuals (Galizia, Sachse, et al. 1999), we were able to 
study the axonal projection pattern in glomeruli of the antennal lobe 
(glomerular pattern) of olfactory receptor neurons of individual poreplate 
sensilla and to draw conclusions about the equipment of poreplate sensilla 
with different olfactory receptor neuron types (Kelber et al. 2006). As a 
typical feature in Hymenoptera, olfactory receptor neurons innervate the 
antennal lobe via different tracts. In the honey bee, the olfactory receptor 
neurons of single poreplate sensilla are found in all four sensory tracts (see 
Figure 9.1B, T1-T4), which indicates that sensory tracts are not separating 
information of different modalities (e.g., gustatory and olfactory informa- 
tion). Each olfactory receptor neuron innervates a single glomerulus 
(uniglomerular) and all olfactory receptor neurons of one poreplate sensil- 
lum project to different glomeruli. We conclude that poreplate sensilla are 
equipped with different olfactory receptor neuron types, but the same 
olfactory receptor neuron types can be found in different poreplate sensilla. 

What is the functional significance of this organization? Is it a matter of 
miniaturization? The surface area on the honey bee antenna occupied by 
one poreplate sensillum (diameter ~9 um) is slightly larger than the area 
occupied by the major olfactory sensilla in Drosophila (large basiconic 
sensilla; diameter ~7 um), which are equipped with two or four olfactory 
receptor neurons (Shanbhag, Miiller, and Steinbrecht 1999). We assume 
that the olfactory sense organs of both Drosophila and the honey bee show 
a maximum extent of miniaturization. The lower density of sensilla in honey 
bees seems to be overcompensated by the multiple olfactory receptor 
neurons of poreplate sensilla. With a ~10 times larger surface area of the 
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flagellum, honey bees have ~50 times more olfactory receptor neurons 
than Drosophila on its funiculus. Thus, an increase in the number of olfac- 
tory receptor neurons might be one possible reason for the evolution of 
multiple olfactory receptor neuron sensilla. A larger number of olfactory 
receptor neurons (with same specificity) increase the sensitivity of the 
compound nose. The equipment of poreplate sensilla with different types 
of olfactory receptor neurons does not compromise this advantage as long 
as olfactory receptor neurons are responding to odors independently of 
each other. Indeed, this might not be the case. Interactions between olfac- 
tory receptor neurons have been shown for moths (O’Connell, Beuchamp, 
and Grant 1986; Ochieng, Park, and Baker 2002) and honey bees (Akers 
and Getz 1992; Getz and Breed 1993). It remains to be investigated to 
what extent odor information processing already takes place at the level of 
single sensilla and whether multiple olfactory receptor neurons are adapted 
to allow fine-tuned odor discrimination or context sensitivity. 

Ozaki et al. (2005) proposed very advanced processing of chemical in- 
formation at a single gustatory sensillum of an ant. The authors suggested 
that the many (estimate of about 200) receptor neurons of one sensillum 
basiconicum have an almost all-or-none sensitivity to non-nestmate versus 
nestmate cuticule extracts. Furthermore, the neurons respond only to the 
non-nestmate cuticle extracts and thus may have a peripheral recognition 
mechanism implemented. The Ozaki et al. study received notable atten- 
tion, and was discussed controversially, because of its significant impact on 
our understanding of how chemical information (odor or taste) is pro- 
cessed in insects (Leonhardt, Brandstaetter, and Kleineidam 2007). At the 
moment, there is no convincing hypothesis about the mechanisms under- 
lying the possible interactions between sensory neurons to allow such a 
fine-tuned desensitization. 


Dual Pathway of Olfactory Processing in Social Hymenoptera 


Olfactory information from the antennal lobes is relayed to higher centers via 
several tracts (Mobbs 1982; Abel, Rybak, and Menzel 2001; Müller et al. 
2002). In a recent study, we revealed important anatomical details of the 
input and output connections of antennal lobe glomeruli in the honey bee 
(Kirschner et al. 2006); our comparative work in the carpenter ant (Cam- 
ponotus floridanus) showed a very similar general organization despite a 
much higher number of input tracts and olfactory glomeruli (Zube et al. 
2008). The most important result of these studies is that both uniglomerular 


204 Communication 


projection-neuron output pathways receive a defined input from olfactory 
glomeruli in two distinct antennal lobe hemispheres, and the output via the 
two tracts remains, to a great extent, spatially segregated in the higher centers 
in the mushroom calyx lip and in the lateral horn (Figure 9.1C). The antennal 
lobe can be divided into two hemispheres according to glomeruli that feed 
the lateral and medial output tract. This organization appears to be specific 
for Hymenoptera (Kirschner et al. 2006). Future comparative work is needed 
to study its functional significance and whether this organization is restricted 
to Hymenoptera. The two hemispheres may have evolved as an important 
prerequisite for elaborated chemical communication in social hymenoptera. 

Our studies also revealed various novel features of the projections of the 
mediolateral tracts of multiglomerular projection neurons in a lateral net- 
work within the lateral protocerebrum. Future work combining tracing, 
functional imaging, and electrophysiology techniques should be focused 
on revealing important insights into the still very unclear principles of ol- 
factory coding. The specific adaptations of the olfactory pathway in Hy- 
menoptera may be one important step to understanding the general 
principles of odor coding. 


Trail Following and Developmental Plasticity in Leaf-Cutting Ants 


Leaf-cutting ants express a striking size polymorphism, and size is related 
to the behavioral repertoire of workers (alloethism). We investigated the 
antennal lobes of leaf-cutting ants (Atta vollenweideri and A. sexdens) and 
discovered that large workers contain a substantially enlarged glomerulus 
(macroglomerulus) located at the root of the antennal nerve (Figure 9.2A). 
This was the first description of a macroglomerulus in insects that was not 
sex-specific. 

The macroglomerulus is about 10 times larger than the median 
glomerulus volume and presumably the result of a large number of inner- 
vating olfactory receptor neurons. In the late pupal stage, large workers al- 
ready have a macroglomerulus, indicating developmental rather than 
experience-dependent plasticity. In comparison, experience- and age- 
dependent changes of glomerular volume in honey bees are in the range of 
only 30% (Winnington, Napper, and Mercer 1996; Sigg, Thompson, and 
Mercer 1997). Comparative neuroanatomy of the two closely related Atta 
species and measures of the sensory input from the antenna support the 
interpretation that the macroglomeruli of workers might be involved in the 
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detection and processing of trail pheromone components, in particular of 
the releaser component (Kleineidam et al. 2005). 

Correlation of body size and relative volume of the largest glomerulus at 
the root of the antennal nerve revealed two distinct neuroanatomical sub- 
castes of workers, with and without macroglomerulus (Kuebler et al. 2007; 
Figure 9.2B). The worker polymorphism of the exoskeleton as well as the 
neuroanatomical traits of the antennal lobe mainly result from environmen- 
tal conditions during larval development. The phenotypic accommodation at 
the colony level then leads to inter-individual variance, which promotes divi- 
sion of labor in leaf-cutting ant colonies (West-Eberhard 2005). 

What is the significance of an enlarged glomerulus in the antennal lobe 
for odor mediated behavior? We addressed this question by testing whether 
small workers differ from large workers in their trail-following behavior, and 
we found perceptual differences related to body size (Kleineidam et al. 
2007). For small and large workers, we measured responsiveness and prefer- 
ence to artificial conspecific and heterospecific pheromone trails made from 
poison gland extracts of A. vollenweideri and A. sexdens. Workers followed 
heterospecific trails, and these trails (after normalizing their concentration) 
were as effective as conspecific trails. Small workers were less likely to follow 
a trail of a given concentration than large workers. In the discrimination test, 
small workers preferred the conspecific trail over the heterospecific trail, 
whereas large workers showed no significant preference (Figure 9.2C). 

Why is it that small foragers are attracted more by the conspecific trails 
than by the heterospecific trails, while large foragers are equally attracted 
by both trails? Based on our results from the behavioral experiments, we 
conclude that small and large foragers evaluate the two competing trails 
differently. We suggest that large workers primarily respond to the re- 
leaser component present in both trails, whereas small workers focus more 
on the conspecific traits provided by the blend of components contained in 
the trail pheromone. 

How does this hypothesis relate to our neuroanatomical findings? A 
macroglomerulus may contribute more to the information processing in the 
antennal lobe than small glomeruli do and may also possess a larger number 
of projection neurons. If this is the case, and if the releaser component 
of the trail pheromone is indeed represented in the macroglomerulus, then 
the releaser component is probably overrepresented in the perception of 
the trail pheromone in large workers, but not in small workers. Future 
physiological studies are necessary to confirm these ideas. 
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Brood Care and Developmental Plasticity in Honey Bees 


Hymenoptera undergo complete metamorphosis during postembryonic 
larval-adult development, and the larval nervous system becomes com- 
pletely remodeled to form the adult nervous system (Weeks and Levine 
1990). In recent honey bee studies the effect of brood incubation temper- 
ature on the performance of adult bees was investigated. Honey bees incu- 
bate their pupae at an extremely narrow temperature range of 35°C 
(+ 0.5), and only in the peripheral brood area will fluctuations range between 
33-36°C. Two independent behavior studies showed that the olfactory- 
learning performance of adult honey bees is influenced by the temperature 
experienced during their pupal development (Tautz et al. 2003; Jones et al. 
2005), and even slight variations in brood incubation temperatures within 
the physiological range affected adult learning behavior. 


Figure 9.2. Neuroanatomical subcastes in leaf-cutting ants and olfactory guided 
behavior. A: Reconstruction of the major neuropils of three different sized 
workers and one queen. Brain size is related to body size. Note the large first 
olfactory neuropil, the antennal lobe. All glomeruli within the antennal lobe 
were reconstructed. In the two large workers (one soldier-worker), the enlarged 
glomerulus (dark) is much larger than the median glomerulus volume. In 
contrast, the largest glomeruli in the small worker and the queen do not differ 
significantly from the median size of other glomeruli. Scale bar: 100 um. B: 
Allometry of antennal lobe volume and the volume of selected glomeruli within 
the antennal lobe of differently sized workers (n=31; head width ranged from 
0.5-4.3 mm). The presence of a macroglomerulus in large workers (head width 
> 1mm) but not in small workers separates the worker caste into two distinct 
neuroanatomical subcastes (diphasic allometry). W: largest glomerulus at the 
entrance of the AN, e=1.06 for large workers; o: central glomerulus, e=0.82; 
+: mean of adjacent glomeruli, e= 1.29. Modified from Kuebler et. al 2007. C: 
Workers’ preference on competing trails. The percentages of small and large 
workers following the conspecific trail (AVG trail, black bars) were compared in 
two experiments (C1 and C2). The remaining responsive workers (hatched 
bars) followed the heterospecific trail (ASG trail). In experiment C1 (AVG 10-6 
vs. ASG 10-5), the responsive small workers preferred the conspecific trail over 
the heterospecific trail compared to large workers. In experiment C2 (AVG 10-6 
vs. ASG 10-4), the responsive small workers followed both trails with equal 
probability, and the large workers tended to prefer the heterospecific trail. The 
responsive small workers and the responsive large workers were compared 
using the Fishers exact p test and significant differences (p <0.05) are indicated 
by an asterisk. Modified from Kleineidam et al. 2007. 
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Groh, Tautz, and Réssler (2004) explored whether there are temperature- 
mediated effects on the olfactory pathway in the brain. To test this, they 
raised pupae under different temperatures. The brains of these bees were 
compared after adult emergence using fluorescent labeling of synaptic pro- 
teins and confocal microscopy. The results showed persistent changes in the 
synaptic organization in the olfactory input regions of the mushroom bodies 
in adult workers dependent on temperature during metamorphosis. These 
structural changes potentially may be involved in the observed variation in 
adult olfactory behavior. Even slight differences (1°C) in pupal-rearing tem- 
perature caused changes in the number of synaptic units, the so-called 
microglomeruli, in the mushroom-body calyx lip (Figure 9.3A, B). Mi- 
croglomerular numbers were highest in bees raised at the temperature nor- 
mally maintained in brood cells (34.5°C; Figure 9.3C, D). Interestingly, in the 
neighboring visual-input region (collar region), microglomerular numbers 
were less affected by temperature. We conclude that even slight variations in 
thermoregulatory control of brood rearing may generate modality-specific ef- 
fects on synaptic neuropils in the adult brain, and propose that resulting 
differences in the synaptic circuitry may affect neuronal function and may un- 
derlie temperature-mediated effects observed in olfactory learning. 

Using similar techniques, Groh, Ahrens, and Réssler (2006) investigated 
environment- and age-dependent effects on the synaptic organization in 
the brain of honey bee queens. The results revealed that in queens the 
numbers of microglomeruli in the olfactory and visual input regions of the 
mushroom-body calyx were significantly lower than in workers. In queens 
raised in incubators, microglomeruli were also affected by differences in 
pupal-rearing temperature within the range of naturally occurring temper- 
atures (32-36°C). Interestingly, the highest numbers of microglomeruli de- 
veloped at a lower temperature in queens compared to workers (33.5°C vs. 
34.5°C, respectively). 

In addition to this developmental plasticity of mushroom-body calyx 
input synapses, Groh, Ahrens, and Réssler (2006) found a striking adult 
plasticity of microglomeruli numbers throughout the extended life span of 
queens. Whereas the number of microglomeruli in the olfactory lip sub- 
stantially increased with age (~55%), those in the visual collar significantly 
decreased (~35%). In summary, these results show that developmental 
and adult plasticity of the synaptic circuitry in the mushroom-body calyx 
might underlie caste- and age-specific adaptations in olfactory behavior in 
the two female honey bee castes. 
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Figure 9.3. A: Confocal images of the mushroom-body calyx in the honey bee 
brain. B: Differential immunofluorescent labeling of presynaptic synapsin 
(central region, dashed line) and postsynaptic f-actin (peripheral light staining) 
reveal the microstructure of synaptic complexes, so-called microglomeruli, in 
the MB calyx. C. Changes in microglomeruli with different rearing 
temperatures (1-day-old bees). The number of MG profiles in the olfactory lip 
of 1-day-old bees critically depends on the pupal rearing temperature. D: 
Thermoregulation matches optimal developmental time, emergence rate, and 
postembryonic development of microglomeruli in the MB-calyx lip. Shortest 
development (rectangles), highest emergence rate (triangles), and highest 
number of MG in the lip (circles) overlap in the narrow range normally 
maintained by thermoregulation in central brood cells (gray area). Modified 
from Groh, Tautz, and Réssler 2004. 
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Figure 9.4. A: Head of Camponotus rufipes with the frontal cuticle removed to 
expose the brain. The arrow shows where the right antenna was cut on the first 
day after emergence to unilaterally remove olfactory sensory input to the 
antennal lobe. B: Immunofluorescently labeled brain of Camponotus rufipes. 
C: Antennal lobes with glomeruli labeled with anti-synapsin antibody exhibit a 
reduced size of glomeruli on the deafferented side 15 days after removal of the 
antenna at day 1 after adult emergence. D: Synaptic boutons in the mushroom 
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Sensory Experience and Adult Olfactory Plasticity in Carpenter Ants 


Compared to the honey bee, many ant species go through a long period of 
behavioral maturation (up to several months). We chose Camponotus ants 
for these studies because work by Gronenberg, Heeren, and Hdlldobler 
(1996) had already shown that behavioral maturation is correlated with 
volume changes in brain regions (Gronenberg and Riveros, this volume). 
The neuronal basis of these volume changes remained unclear. We inves- 
tigated changes in the synaptic organization of antennal lobe glomeruli 
and mushroom-body microglomeruli during the first 2 weeks of adult life 
in the carpenter ant Camponotus rufipes. Immunofluorescent techniques 
were used to label synaptic proteins in order to detect structural changes 
in the synaptic organization (Figure 9.4A, B). We found that in the olfac- 
tory input region of the mushroom-body calyx (lip), the number and den- 
sity of synaptic complexes (microglomeruli) showed a substantial increase 
during the first 2 weeks of adult life, especially in the course of the second 
week, thus demonstrating that volume changes in the mushroom-body 
calyx may be caused by an increase in synaptic complexes. A recent elec- 
tron microscopic study by Seid, Harris, and Traniello (2005) on the ant 
Phediole dentata reported that the number of synapses of projection neu- 
ron boutons in the mushroom-body calyx lip changed during this period. 
These results indicate that the mushroom-body calyx undergoes a massive 
synaptic reorganization during the first weeks or even months of adult life 
in ants. 


body lip were quantified in a circular area in the frontal region of the olfactory 
lip region. E: The estimated number of microglomeruli (MG) per lip cross- 
sectional area increased after the first week of adult life (N =5-6 ants for each 
day) and was higher in older ants of variable age (> 16 days, N=8 ants) 
compared to young ants, indicating an increase in synaptic capacity of the 
olfactory input region in the mushroom bodies. White bars correspond to the 
control sides, gray bars to the deafferented sides. Interestingly, there was no 
significant difference in the increase on the deafferented sides compared to the 
control sides indicating crosstalk among the sensory input region of the 
mushroom bodies on both sides, or via compensation by spontaneous activity. 
significant difference in the increase on the deafferented sides compared to the 
control sides indicating crosstalk among the sensory input region of the 
mushroom bodies on both sides, or via compensation by spontaneous activity. 
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The extended period of synaptic plasticity in social insects during adult- 
hood offers unique opportunities to look more closely into the parame- 
ters that affect plasticity. We began to explore the influence of olfactory 
sensory input during this period, which we thought likely to be associated 
with olfactory imprinting to, for example, colony odors. As a first crude ex- 
periment, ants were unilaterally deafferented by removal of the antennal 
flagellum. After a recovery period, unilaterally deafferented ants quickly 
resumed normal activities inside the nest. After 15 days of unilateral re- 
moval of olfactory input, the synaptic neuropil in olfactory glomeruli 
within the deafferented antennal lobe was reduced by 30% to 50%, indi- 
cating that sensory afferents and synapses had degenerated (Figure 9.4C). 
Interestingly, however, at the level of the mushroom-body calyx lip we ob- 
served a similar increase of microglomeruli on both the deafferented and 
control sides (Figure 9.4D, E), which indicates that compensatory effects 
are not only able to maintain the synaptic circuitry within the mushroom 
bodies of the deafferented side, but are also to promote a “normal” in- 
crease of synaptic complexes. The bilateral activity of the mushroom bod- 
ies may be crucial to perform higher olfactory functions such as learning 
and memory. Future studies should dissect age- and activity-dependent 
effects on structural synaptic plasticity in both neuropils. Furthermore, 
studies should aim to reveal the cellular and molecular bases of synaptic 
changes and their consequences for olfactory behavior. 


Conclusions and Perspectives 


We propose three main directions for future studies. First, detailed com- 
parative descriptions of the neuroanatomy of the olfactory pathway 
within Hymenoptera, social and solitary, are needed. This will provide us 
with information about traits that distinguish Hymenoptera from other 
insect orders and possibly about traits specific for social species. To date, 
we know hardly anything about the olfactory pathway in solitary hy- 
menoptera. Derived traits of the olfactory system may then lead us to 
study specific adaptations for social life. Second, any of the already 
known and future discoveries of distinct traits should be explored with 
respect to its significance for odor information processing and behavior. 
Like genetic tools in Drosophila, the evolution of the Hymenopteran ol- 
factory system provides us with modifications of a system and this unique 
opportunity can be used to study proximate mechanisms in olfaction. 
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This new research avenue has just begun to raise fundamental questions, 
such as: 


What does a large number of glomeruli mean and how or why did they 
evolve? 

What does a change in glomeruli volume mean? 

Are pheromonal and general odors processed differently? 

What causes context specificity of odor responses in behavior? 

What is the functional significance of the dual pathway? 

What is the role of neuromodulatory systems for processing different 
odor information? 


These questions go beyond social insects, but social insects, due to their 
specific life history and social organization, are excellent organisms in 
which to study these questions. 

Third, a very powerful arena for study is developing that focuses on phe- 
notypic plasticity and its role for adaptive behavior. What is the neuronal 
basis for caste, life-stage specific, and experience- and age-dependent 
changes in the brain and behavior? The pronounced phenotypic plasticity 
makes ants and bees excellent model systems for the study of neuronal 
plasticity in the olfactory pathway and the consequences of this plasticity 
for olfactory-driven behavior. The analyses of the underlying neuronal 
mechanisms will lead us to a better understanding of the neuronal basis of 
polyethism and the basis of division of labor. 

The technical potential for the different approaches described above is 
rapidly increasing. Advances in molecular techniques (e.g., tracing of 
molecules and cell specific markers; differential gene expression studies, 
intervention with RNAi) will allow us to address more specific questions 
and will open new approaches. For example, the published honey bee 
genome project promotes the use of genetic tools to study the molecular 
basis of neuronal mechanisms in honey bees (gene expression and the dis- 
covery of new plasticity relevant molecules). Furthermore, new activity- 
dependent markers and microscopic techniques (confocal microscopy 
and life-imaging techniques) combined with three dimensional analyses 
will further promote progress in studying and quantifying neuronal 
changes in small brains such as those of social Hymenoptera. Using an in- 
tegrative approach, therefore, has a very promising future perspective 
linking physical changes of the olfactory system to changes in olfactory- 
guided behavior. 
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DIVISION OF LABOR is the essence of sociality in insects and its most 
striking manifestation is the sterility of almost all colony members. Un- 
equal reproduction among relatives is associated with many conflicts, and 
recent studies have reconciled these with kin selection (Bourke and 
Franks 1995). In this chapter, we examine the essential role of communi- 
cation in the resolution of conflicts over reproduction. Information ex- 
change is indeed entangled with both cooperation and conflicts. 

Social Hymenoptera exhibit a broad variety of colony patterns, ranging 
from small societies with nestmates having equivalent reproductive poten- 
tials (e.g., queenless ants, Polistes wasps) to huge societies with morpho- 
logically highly specialized queens and workers. Although similar conflicts 
transcend this heterogeneity, the mechanisms that regulate monogyny or 
queen supersedure, for example, are not the same at either ends of this 
spectrum. We will argue that seemingly dissimilar regulatory mechanisms 
rely all on just one category of olfactory information. 

All insects are covered with cuticular hydrocarbons which act as a desic- 
cation barrier. There are many distinct molecule types in each species 
(chain lengths from C23 to C37, with differing numbers and positions of 
double bonds or methyl-branches), and blends of cuticular hydrocarbons 
reflecting variations in age, reproductive physiology, and genotype among 
individuals. In social Hymenoptera, these cuticular differences encode in- 
formation that seems instrumental in conflict resolution. 
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From the Past to the Present 


Queen Pheromones: A Paradigm Shift 


In this chapter we restrict the terms queen and worker to morphologically 
specialized adult females (Peeters and Crozier 1988), in contrast to mor- 
phologically undifferentiated breeders and helpers as in Polistes. Pheromones 
have long been known to be involved in the reproductive division of labor 
in ants and honey bees; unlike vertebrate societies, physical aggression is 
usually not needed to regulate reproductive skew. Experimental studies in 
many social insects have established that secretions from the queen are 
sufficient to mimic her presence (Passera 1984; Hölldobler and Bartz 
1985; Fletcher and Ross 1985; Vargo 1998). It remains controversial whether 
these queen pheromones have a coercive effect on the receivers (i.e., di- 
rect inhibition of ovarian physiology) or whether they simply carry infor- 
mation used by receivers to behave adaptively (Seeley 1985; Keller and 
Nonacs 1993). Several lines of evidence make chemical inhibition unlikely. 
Its physiological basis has never been made explicit; for example, is the 
queen pheromone absorbed by the corpora allata or the ovaries, instead of 
being detected by the antennae? In addition, there has been no demon- 
stration that receivers ever behave against their own interest, which would 
support inhibition. Moreover, pheromonal manipulation would be evolu- 
tionarily unstable because of a likely “arms race.” Instead, self-restraint by re- 
ceivers brings benefits as long as the reproductive is related and sufficiently 
productive (Keller and Nonacs 1993). Accordingly, queen pheromones 
may simply carry information about current fertility. 

The sources of queen pheromones have largely remained an enigma, 
with the exception of Apis in which the mandibular, tergal, and Dufour’s 
glands are known to be implicated (Winston and Slessor 1998). In ant 
queens, the efforts to investigate various exocrine glands have had little 
progress. In Solenopsis invicta, poison gland secretions of queens inhibit 
alate gynes from shedding their wings and developing their ovaries, but 
queens without poison sacs caused a similar primer effect. Vargo and 
Hulsey (2000) hinted that another relevant pheromone could be distri- 
buted over the body. In the ponerine ant Megaponera foetens, a queen is 
highly attractive to the workers, and her pheromone may originate from a 
thick glandular epithelium lining her entire body ( Hölldobler, Peeters, and 
Obermayer 1994). In Bombus terrestris, where there is no caste dimorphism, 
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a cuticular wash from reproductives caused inhibition of the helpers’ 
ovaries, unlike the extracts from five exocrine glands (Bloch and Hefetz 
1999). In hindsight, experimental results from different social insects are 
not incompatible with the queen pheromone being located on the cuticle, 
but researchers tend to explain such results as contamination from exocrine 


glands. 


Dominance Behaviors and Recognition 


A large number of Hymenopteran societies consist of female adults with 
equivalent reproductive potentials. In the absence of morphological castes, 
aggressive interactions lead to the formation of dominance hierarchies and 
only the alpha individual (or several high-ranking individuals in polygynous 
species) has active ovaries and reproduces. These dominance interactions 
are highly directed, showing that hierarchy members can be recognized. In 
Polistes wasps, aggression and the chemical communication of status were 
shown to be separate phenomena (West-Eberhard 1977; Downing and 
Jeanne 1985). Similarly, in Leptothorax ants competing queens can recog- 
nize individual ovarian status and this affects their pattern of aggression and 
acceptance (Ortius and Heinze 1999). Chemical signaling of ovarian activ- 
ity had indeed been inferred by several authors (e.g., Wilson 1971; Ratnieks 
1988; Visscher and Dukas 1995), but there was no direct evidence for it. 
Behavioral observations of dominance interactions in Harpegnathos salta- 
tor hinted that subordinates detect the onset of ovarian activity in gamer- 
gates (mated reproductive workers) by antennating their cuticle (Liebig 
1998). Researchers of the wasp Polistes dominulus and the bumblebee 
Bombus hypnorum found differences in cuticular hydrocarbons that were 
associated with ovarian activity (Bonavita~-Cougourdan et al. 1991; Ayasse 
et al. 1995) 

Such considerations aside, an investigation of cuticular hydrocarbons 
and their function started in the queenless ant Dinoponera quadriceps be- 
cause of a conspicuous aggressive behavior. During hierarchy formation, 
the alpha worker bites an antenna of a subordinate and rubs it against the 
dorsal region of her gaster (Monnin and Peeters 1999). At that time, solid- 
phase microextraction (SPME) was being developed for the analysis of 
pesticide residues in water, and following a suggestion by Robin Crewe, 
Monnin, Malosse, and Peeters (1998) rubbed an SPME fiber against 
Dinoponera’s gaster in the same way that the subordinates’ antennae are 
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Figure 10.1. Use of SPME to sample cuticular hydrocarbons from a Harpeg- 
nathos worker. Nylon strings are used to immobilize the ant, and the fiber is 
gently rubbed over the gaster. 


rubbed. Gas chromatography revealed that the alpha worker's blend of cu- 
ticular hydrocarbons differed from that of infertile nestmates, with an 
alkene of 31 carbon atoms present in high proportions. If the beta worker 
(number two in hierarchy) replaces alpha, her ovarian activity increases; 
SPME allowed the analysis of live beta workers before as well as after such 
replacement and the proportion of the alkene increased concomitantly 
(Peeters, Monnin, and Malosse 1999). The same method (Figure 10.1) 
used in a study of Harpegnathos saltator showed that workers simultane- 
ously shift their cuticular profile when they differentiate into gamergates 
(Liebig et al. 2000). In this species the whole profile changes; longer mol- 
ecules gradually increase in proportion while shorter molecules decrease 
over a period of 118 days. Prior to SPME, destructive extraction with sol- 
vents had prevented monitoring individual ants at multiple times during 
their adult life. 


Cuticular Hydrocarbons Are Reliable Markers 
of Reproductive Physiology 


A link between oogenesis and the synthesis of cuticular hydrocarbons is 
found in many solitary insects (e.g., cockroaches, Diptera) and probably 
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involves gonadotropic hormones (Dillwith, Adams, and Blomquist 1983; 
Trabalon et al. 1990; Wicker and Jallon 1995). In both Drosophila and Cal- 
liphora some of these hydrocarbons function as sex pheromones (e.g., Fer- 
veur, Cobb, and Jallon 1989). Cuticular hydrocarbons also represent a sex 
pheromone in the cricket Gryllus bimaculatus (Tregenza and Weddell 
1997), while in cockroaches they may reveal dominance status of males 
(Roux et al. 2002). The display of information about fertility makes cuticu- 
lar hydrocarbons appropriate for communication during courtship behav- 
ior in solitary insects. During the evolution of social species this information 
appears to have been co-opted for new functions relating to cooperation 
and the regulation of reproductive conflict. To date, intracolonial varia- 
tions in cuticular hydrocarbons have been studied in at least 26 genera of 
ants, wasps, and bees (Monnin 2006; Liebig and Peeters, in prep.). In the 
following paragraphs the results of these studies are summarized for vari- 
ous reproductive contexts in which communication is needed about either 
the onset or decline in egg-laying activity. 


Behavioral Regulation and Recognition of Hierarchy Members 


In queenless ants, several high-ranking workers compete aggressively to 
become the gamergate(s). Once behavioral differentiation has happened 
and ovarian activity begins, however, aggression declines and is replaced 
by chemical signaling (e.g., Monnin and Peeters 1999; Sledge, Boscaro, 
and Turillazzi 2001; Cuvillier-Hot et al. 2002; Cuvillier-Hot et al. 2004). 
Fertility has a striking effect on hydrocarbon profiles in all species inves- 
tigated so far. In Diacamma ceylonense, C25 and C27 monomethyls occur 
in high proportions in egg-layers (Cuvillier-Hot et al. 2001). In Streblog- 
nathus peetersi, the cuticular profiles of gamergates are very distinct com- 
pared to that of infertile nestmates (callows and foragers); high-ranking 
workers are intermediate between the two, while newly differentiated 
alphas (i.e., oogenesis has just begun) resemble gamergates (Cuvillier-Hot 
et al. 2004). Such alphas are recognized by nestmates within 1 to 2 days of 
differentiation, even though they can only begin to lay eggs 30 days later 
(Cuvillier-Hot, Renault, and Peeters 2005). In Gnamptogenys striatula, 
fertile workers have longer-chained hydrocarbons on their cuticle com- 
pared to infertile nestmates (Lommelen et al. 2006). In multiple-foundress 
colonies of the wasp Polistes dominulus, alpha individuals (who monopo- 
lize oviposition) and subordinates initially have the same proportions of 
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cuticular hydrocarbons, but these proportions become distinct by the time 
the first adults start to emerge in a colony (Sledge, Boscaro, and Turillazzi 
2001). 


Queen Recognition and Worker Sterility 


Ants exhibit a large spectrum in the degree of dimorphism (e.g., body size, 
number of ovarioles) between the castes. In Harpegnathos saltator, queens 
and workers are morphologically similar (except for wings) and gamer- 
gates reproduce once the founding queen has died. In these two cate- 
gories of egg-layers, the proportions of cuticular hydrocarbons change in a 
similar way with the onset of ovarian activity, while young virgin queens 
resemble infertile workers (Liebig et al. 2000). Thus the hydrocarbons are 
not related to morphological caste but to reproductive physiology. Caste 
dimorphism is more marked in the bulldog ant Myrmecia gulosa and 
workers cannot mate. Fertile queens exhibit high proportions of a C25 
alkene (Figure 10.2), while virgin workers lay reproductive eggs once or- 
phaned and their cuticular profiles shift to resemble that of queens (Diete- 
mann et al. 2003). Similarly in Pachycondyla cf. inversa, the cuticular 
profile of egg-laying workers differs from that of sterile nestmates but re- 
sembles the queen’s (Heinze, Stengl, and Sledge 2002). 

Variations in cuticular hydrocarbons are also found in phylogenetically 
derived ants with large caste dimorphism. In Camponotus floridanus 
(Formicinae), 10 out of 34 compounds in the cuticular profile of a highly 
fertile queen are absent on the workers’ cuticle (Endler et al. 2004). These 
ten compounds represent more than 60% of the total amount of cuticular 
hydrocarbons in some queens (Endler, Liebig, and Hölldobler 2006). 
Linepithema humile (Dolichoderinae) presents another example of strong 
differences between workers and mated egg-laying queens. More than 
50% of the total amount of the profile is specific to the fertile queens (de 
Biseau et al. 2004); 9 out of 33 identified compounds underlie this differ- 
ence. In contrast, the cuticular hydrocarbon pattern of young virgin non- 
laying queens overlaps almost completely with that of workers. In this 
species workers lack ovaries and are thus completely sterile—yet they 
need information about the fertility of their queens to regulate polygyny. 
In the weakly polygynous Formica fusca, reproductive output is reflected 
by cuticular blends, and the more eggs a queen produces the more atten- 
tion she receives from workers (Hannonen et al. 2002). Forsyth (1980) had 
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Figure 10.2. Gas chromatograms showing differences in the cuticular 
hydrocarbons of (a) fertile queen, (b) orphaned worker laying reproductive 
eggs, and (c) infertile worker of Myrmecia gulosa (from Dietemann et al. 2003). 
Numbers indicate the same compounds across categories. Compounds p and m 
are specific to reproductive individuals. 
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evoked the ability of Hymenopteran workers to assess differences in queen 
productivity during the execution of supernumerary queens. Cuticular 
differences among queens could serve as a proximate mechanism for the 
workers to determine which queens are less fertile and can be executed. 
Workers of Lasius niger (Sommer and Hölldobler 1995) and Solenopsis 
invicta (Fletcher and Blum 1983) favor the most fertile queen following 
pleometrosis (colony founding by multiple queens). 


Worker Policing and Recognition of Selfish Egglayers 


Several studies showed that ant workers can detect differences in levels of 
ovarian activity by olfaction. In Gnamptogenys menadensis, infertile work- 
ers discriminated between virgin workers laying male eggs and gamergates 
with more active ovaries; other workers laying trophic eggs were ignored 
(Gobin, Billen, and Peeters 1999). In Harpegnathos saltator, infertile 
workers attacked newly ovipositing gamergates in the presence of gamer- 
gates with more active ovaries (Liebig, Peeters, and Hölldobler 1999). The 
profiles of these newly ovipositing workers were already distinct at the 
time when they were attacked (Liebig et al. 2000). For Myrmecia gulosa, 
an experimental situation was created where infertile workers could inter- 
act with both their queen and workers that started to develop their ovaries; 
some infertile workers immobilized many of the latter by holding on to 
their antennae, legs, or body (Dietemann, Liebig, et al. 2005). SPME was 
used to show a correlation between the change in the victims’ cuticular hy- 
drocarbons and the likelihood of immobilization. In Platythyrea punctata, 
worker policing was also correlated with changes in cuticular profiles of 
new reproductives (Hartmann et al. 2005). 

In queenless ants, worker policing has an additional crucial function 
during the selection of gamergates (Monnin and Ratnieks 2001). High- 
ranking workers can attempt to replace a gamergate prematurely, while 
low-ranking workers benefit from preventing the overthrow of a gamer- 
gate (usually their mother) as long as she is sufficiently productive. Reli- 
able assessment of fertility is needed to establish the optimal time to 
replace a senescent gamergate and to identify premature challengers. In 
Streblognathus peetersi, policing workers played a crucial role during the 
replacement of gamergates with experimentally reduced fertility; they im- 
mobilized the manipulated gamergates, thus allowing supersedure by a 
high-ranking worker. Direct aggression was not observed between the 
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high-ranking individuals and the gamergate (Cuvillier-Hot, Lenoir, and 
Peeters 2004). Reduced fertility was accompanied by a predictable shift in 
the cuticular hydrocarbon profile of the gamergate, and an opposite shift oc- 
curred in the challenging high-ranking worker due to the onset of oogenesis. 


Policing of Worker Eggs 


Besides attacking a potential egg-layer in the presence of established re- 
productives, workers may also destroy the eggs of subordinates by simply 
eating them. Workers often do so in ants (e.g., Kikuta and Tsuji 1999; 
D’Ettorre, Heinze, and Ratnieks 2004), in bees (e.g., Oldroyd et al. 2001), 
and in wasps (e.g., Foster and Ratnieks 2001). In Dinoponera quadriceps, 
the hydrocarbon profile of the egg surfaces resembles the cuticular profile 
of the egg-layers (Monnin and Peeters 1997). Thus the gamergate can rec- 
ognize the rare eggs laid by the beta worker and eat them. Long-chained 
hydrocarbons are synthesized by the oenocytes (cells located in the he- 
molymph) and then transported to the cuticle and to the ovaries (Schal 
et al. 1998; Fan et al. 2003). This explains the relative similarity of cuticu- 
lar profiles and surface profiles of eggs. 

Further evidence that information on eggs can be used in the modulation 
of adult behavior comes from the ant Camponotus floridanus. Highly fertile 
queens show a cuticular hydrocarbon profile that is distinct from that of egg- 
laying workers; a similar difference is found in the hydrocarbon profiles of 
their respective eggs (Endler et al. 2004; Endler, Liebig, and Hélldobler 
2006). Eggs laid by workers in an orphaned group are usually eaten by work- 
ers originating from a colony with a highly fertile queen. When, however, 
worker eggs are treated with the fractionated hydrocarbon extract of the cu- 
ticle of a highly fertile queen, a significantly higher percentage of manipu- 
lated eggs survive in comparison to worker eggs treated with the worker 
profile (Endler et al. 2004). This strongly suggests that the specific hydrocar- 
bon profile of the queen protects eggs from destruction and is used as infor- 
mation by the workers for their decision to police an egg or not. 


Evidence for Fertility Signals beyond Correlations 


Behavioral and physiological manipulations are excellent tools to identify the 
function of a signal. Hormonal treatment of alpha workers in Streblognathus 
peetersi decreased fertility and simultaneously changed their cuticular 
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hydrocarbon profile. This treatment triggered two different forms of ag- 
gression in nontreated colony members: dominance interactions by high- 
ranking workers who attempted to become the new alpha and worker 
policing by low-ranking workers who immobilized the experimentally defi- 
cient alpha (Cuvillier-Hot, Lenoir, and Peeters 2004). 

In Myrmecia gulosa, a bioassay using fractionated cuticular extracts 
showed that workers can differentiate between the cuticular hydrocarbon 
profiles of queens and infertile workers (Dietemann et al. 2003). The hy- 
drocarbon fractions of the queen’s cuticle were significantly more attrac- 
tive than extracts from infertile workers. This is not simply a consequence 
of caste differences because the hydrocarbon profiles of queens and fertile 
workers are similar (Figure 10.2). This study provided the first evidence 
that hydrocarbon profiles are differentiated based on fertility differences, 
but it did not directly show the function of the signal. 

The direct involvement of hydrocarbon profiles of the queen in the reg- 
ulation of reproduction has been demonstrated in Camponotus floridanus. 
As explained earlier, the hydrocarbon profile of the egg surface closely 
matches the cuticular hydrocarbon profile of the mother (Endler, Liebig, 
and Hölldobler 2006). Workers are prevented from activating their ovaries 
by the mere presence of eggs from highly fertile queens, even though the 
queen is absent (Endler et al. 2004). This result suggests that workers rec- 
ognize queen presence via the presence of her eggs. Since workers recog- 
nize queen eggs on the basis of their specific hydrocarbon profile, it is most 
likely that these hydrocarbons are also responsible for the induction of 
self-restraint in workers. Furthermore, since the profile of queen eggs in- 
duces self-restraint, the similar cuticular profile of the queen should have 
the same effect. Thus, hydrocarbon profiles on the surface of queen eggs 
as well as on the queen cuticle represent a queen signal that regulates re- 
production in C. floridanus. 


Smelling Fertile: Cuticular Information Is Not All or None 


Unlike an eventual caste signal that would be all or none (i.e., queen or 
worker), cuticular hydrocarbons are correlated with degrees of fertility in ei- 
ther of the castes. In Formica fusca queens, continuous variation in egg- 
laying capacity is manifest as gradual changes in cuticular profiles (Hannonen 
et al. 2002). In Diacamma ceylonense, virgin egg-layers and gamergates 
have different levels of ovarian activity, and this is associated with distinct 
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hydrocarbon blends (Cuvillier-Hot et al. 2001). In queens of Camponotus 
floridanus, the hydrocarbon profile is correlated with colony size as an in- 
dicator of the queen’s average fertility (Endler, Liebig, and Holldobler 
2006). Young founding queens with low egg-laying rates and colony sizes 
of less than 10 workers show a profile that is similar to that of workers; 
however, this profile changes continuously and becomes very distinct in 
highly fertile queens from colonies with more than 1,000 workers. 

A fertility signal can convey graded information to label not only egg- 
layers but also high-ranking workers with intermediate reproductive poten- 
tial. Rather than just ovarian activity, cuticular hydrocarbons reveal the 
individual hormonal state that underlies dominance and oogenesis. Low 
levels of juvenile hormone (JH) are characteristic of alpha workers in 
S. peetersi (Brent et al. 2006), and topical applications of a JH analog led to 
both decreased fertility (as measured by levels of vitellogenin in the he- 
molymph) and shift in cuticular profile (Cuvillier-Hot, Lenoir, and Peeters 
2004). In Polistes dominulus, the size of the corpora allata (the principal site 
of JH production) was associated with variation in cuticular hydrocarbon 
proportions (Sledge et al. 2004). Each species investigated so far had about 
50 different hydrocarbons on the cuticle, which provides sufficient variabil- 
ity for differences in sex, colony membership, and age to be detected, in 
addition to reproductive status. Drosophila flies have many long-chain cu- 
ticular hydrocarbons (C29-C35) within hours of emergence; as they get 
older, these are replaced by shorter chain hydrocarbons (C23-29) (Wicker 
and Jallon 1995). In the ant Diacamma ceylonense, workers up to 4 days in 
age have different hydrocarbon blends compared to older infertile workers 
(Cuvillier-Hot et al. 2001). In Camponotus vagus, Harpegnathos saltator, 
Pogonomyrmex barbatus, and Myrmicaria eumenoides, nurses and foragers 
can be distinguished by their cuticular profiles (Bonavita-Cougourdan, Clé- 
ment, and Large 1993; Liebig et al. 2000; Greene and Gordon 2003; Kaib 
et al. 2000), suggesting age-related hormonal changes. Generally, a close 
connection among hormone activity (e.g., ecdysone), oenocyte activity, and 
the formation of the cuticular hydrocarbon profile is assumed (Howard and 
Blomquist 2005) (Figure 10.3). Application of JH II to M. eumenoides 
nurse workers resulted in a cuticular profile typical of foragers, even though 
they did not behave as foragers (Lengyel, Westerlund, and Kaib 2007). In 
Harpegnathos saltator, virgin queens develop 2 distinct alkadiene peaks 
prior to the mating flight (Liebig et al. 2000), which suggests that it is 
involved in sexual communication. These peaks are not present in founding 
queens that already lay eggs, or any of the workers. 
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Figure 10.3. Physiological links between endocrine activity, oogenesis, and 
the synthesis of cuticular hydrocarbons in individual insects. Gonadotropic 
hormones affect both oogenesis and the activity of oenocytes. Hydrocarbons 
are then transported in the hemolymph to the ovaries and cuticle. 


Workers laying trophic eggs (i.e., unviable yolk sacs) in M. gulosa have a 
distinct cuticular profile from that of workers producing males (Dietemann 
et al. 2003); that is, when a worker shifts from trophic to fertile eggs its cu- 
ticular profile changes also. This is further evidence of the influence of hor- 
monal levels on the activity of both ovaries and oenocytes. In S. peetersi, 
cyclical egg-laying activity does not affect the profile of gamergates, which is 
appropriate since a temporary halt should not be perceived by colony mem- 
bers as a stimulus to replace their mother. In C. floridanus, variation in egg- 
laying rates among queens is high as well. Nevertheless, their profiles are 
very similar which indicates discontinuous egg-laying activity with a stable 
profile (Endler, Liebig, and Hölldobler 2006). Even though eggs may be laid 
in cycles, oogenesis continues and is linked to hydrocarbon synthesis. 


Honest Information, Aggression, and Colony Size 


Several authors (e.g., Wilson 1971; Keller and Nonacs 1993; Heinze 2004) 
have suggested that behavioral regulation of reproduction cannot be effective 
in larger colonies because a queen or dominant individual cannot interact 
frequently with all its nestmates. Thus, a shift from aggressive behavior to 
chemical signaling has been assumed to follow an increase in colony size. 
Yet signaling also underlies behavioral regulation since olfactory recogni- 
tion is needed among contenders. Instead of invoking colony size per se, 
convergence or divergence of genetic interests seems more crucial to 
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understanding which mechanism (behavioral or pheromonal) is used. Be- 
havioral regulation (Figure 10.4) is needed in species where all nestmates 
are able to mate and reproduce, and such species usually have small 
colonies. In contrast, in species with similarly small colonies but with di- 
morphic queens and workers, the former monopolize reproduction without 
aggression. Increasing caste dimorphism, which is always a feature of 
species with larger colonies, seems to eliminate the need for aggressive in- 
teractions because the interests of egg-layers and helpers converge as a re- 
sult of the latter being unable to mate (Bourke 1999; Foster 2004; 
Dietemann, Peeters, and Hélldobler 2005, Endler, Holldobler, and Liebig 
2007). 

Recognition pheromones are nonvolatile and require physical contact for 
transmission. Gamergates and queens separated from orphaned workers by 
a mesh that allowed airflow but prevented physical contact could not inhibit 
ovarian activation in these workers (Liebig, Peeters, and Hélldobler 1999; 
Liebig et al. 2000; Tsuji, Egashira, and Hélldobler 1999). In S. peetersi, dis- 
tance of detection was measured to be 1.3mm, which is compatible with the 


Figure 10.4. Two workers of Harpegnathos saltator fighting over queen 


succession. All workers are potentially capable of replacing a senescent queen. 
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involvement of long-chained hydrocarbons (Cuvillier-Hot, Renault, and 
Peeters 2005). In D. quadriceps and S. peetersi, the alpha worker exhibited 
conspicuous gaster behaviors which may help make its cuticular hydrocar- 
bons more readily detected by competing high-ranking workers. It is com- 
monly observed in colonies of queenless ants that high-rankers remain in 
close proximity to the gamergate(s); this is further evidence that colony size 
is unlikely to be a constraint on physical control. 

In larger colonies, information about queen presence can be transmit- 
ted indirectly via hydrocarbon profiles on eggs. Workers recognize queen 
eggs in the ant C. floridanus based on their surface hydrocarbons (Endler 
et al. 2004). These eggs are sufficient to inhibit ovarian activity in workers 
and thus function as an indirect signal of queen presence. This mechanism 
may also prevail in polydomous colonies such as Oecophylla. 


Conclusions and Future Directions 


Fertility and Reproductive Regulation 


Reproductive conflicts in insect societies differ in both proximate and ulti- 
mate characteristics: participants may belong to the same or different mor- 
phological castes and conflict resolution may manifest as either self-restraint 
(e.g., workers remain infertile) or aggressive behaviors. One thing in com- 
mon is that all participants share the need for information about the pres- 
ence of an active egg-layer. Although oogenesis also affects various exocrine 
secretions (e.g., Dufour’s gland in Apis, Dor, Katzaf-Gozansky, and Hefetz 
2005), cuticular hydrocarbons carry reliable information about fertility and 
thus play an essential role in regulating reproductive division of labor. 

In species having queen and worker castes, conflicts are often restricted 
to male production. Senescence of the queen is followed by colony extinc- 
tion in many monogynous species, so it is adaptive for workers to begin 
male production (e.g., Dietemann and Peeters 2000). An ageing queen is 
expected to have reduced fertility, which is useful information for the 
workers. They can either start activating their ovaries to produce males or 
rear exclusively sexual offspring as new workers are no longer useful. 

Even in the presence of a fertile queen, some workers may behave self- 
ishly and produce male eggs. In various species, policing workers will attack 
these egg-layers or destroy their eggs. In either case, this is a self-interested 
response to the queen’s fertility signal that they can perceive either directly 
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or indirectly. In the absence of a fertile queen, policing workers modulate 
their behavior and allow some workers to produce male adults. 

In Polistes wasps or queenless ants (i.e., all colony members have equiv- 
alent reproductive potentials), information about fertility is equally crucial. 
During hierarchy formation, high-ranking individuals need to recognize 
each other. Once an alpha begins oogenesis, there is a shift from aggres- 
sion to chemical signaling. High-ranking subordinates benefit from this 
shift as it may stop additional aggression from lower-ranked individuals. 
During replacement of a senescent alpha, high-rankers need to detect a 
drop in fertility that makes it worthwhile for them to attempt a challenge. 
Policing workers can prevent a challenge while their mother is still suffi- 
ciently fertile, but will favor it after a drop in her fertility. The interests of 
sterile helpers converge with the gamergate’s or queen’s only as long as the 
latter is able to produce many offspring. 


Testing Insect Perception of Fertility Signals 


Variations in cuticular hydrocarbons give reliable information about the 
reproductive status of individuals in all the ants, wasps, and bees investi- 
gated thus far (Monnin 2006; Liebig and Peeters, in prep.). This informa- 
tion is useful for human investigators, but more evidence is needed to 
determine if insects use it to resolve their reproductive conflicts. Although 
individuals that are induced experimentally to start or stop laying eggs ex- 
hibit predictable modifications in their cuticular profiles, it is important for 
future research to demonstrate the pheromonal function with an artificial 
profile. More behavioral studies together with a better understanding of 
the significance of the physico-chemical properties of the different types of 
cuticular hydrocarbons are timely. Polar compounds on the cuticle should 
also be investigated (Dapporto, Dani, and Turillazzi 2008). 

The cuticular hydrocarbons that co-vary with fertility are seldom the 
same across species. One may ask, why are all species systematically differ- 
ent in hydrocarbon chemistry? Is it just an epiphenomenon of hydrocarbon 
biosynthesis or is this diversity selected for (see Breed and Buchwald, this 
volume)? Although a cuticular layer of alkanes might be sufficient to pre- 
vent desiccation, it is not biosynthetically feasible to produce alkanes exclu- 
sively (R. Crewe, pers. comm.). There are many steps along the metabolic 
pathways involved in the synthesis of long-chained hydrocarbons (Howard 
and Blomquist 2005), and some of the enzymes that catalyze each step may 
result from differential gene expression (e.g., Ferveur and Jallon 1996). 
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Typically, about 50 different long-chained hydrocarbons occur in a typi- 
cal ant species. Determining the specific cuticular compounds involved in 
the recognition of either nestmates or reproductives is a crucial step. Multi- 
variate statistical tools can help to identify potential candidates, but do not 
tell us which of several molecules are behaviorally important. The most 
conspicuous difference may be misleading as individuals may respond to 
another compound or set of compounds. Systematic evaluation of the role 
of hydrocarbon classes would be useful. As an example, alkenes and 
methyl-groups are important carriers of information in nestmate discrimi- 
nation in Apis (Dani et al. 2001; Dani et al. 2005). As a result of 3-D con- 
formation, branched alkanes might be easier to distinguish than linear 
alkanes and thus more likely to be represented in a fertility signal. 

Another approach to understanding the very basics of hydrocarbon recog- 
nition involves electro-antennograms (EAG). In Pachycondyla inversa, the 
major compound of the queen signal produced a significantly higher re- 
sponse in an EAG than other components of the profile (D’Ettorre, Heinze, 
2004). Although this shows that the ants have a higher sensitivity to this com- 
pound, it does not explain how the information is processed and what the 
natural response to the compound is. EAGs cannot replace bioassays that 
show the result of the processing of olfactory information (the behavioral or 
physiological response). They give only limited information about the poten- 
tial to perceive the respective substances and may suggest receptor special- 
ization for certain compounds. In combination with bioassays EAGs can, 
however, help to isolate active compounds within a complex profile. 


Cues of Colonial Identity and Individual Information about Fertility 


Colonial recognition based on cuticular hydrocarbons has been demon- 
strated in a small number of ant species (e.g., Lahav, Soroker, and Hefetz 
1999; Thomas et al. 1999; Wagner et al. 2000). In Pachycondyla goeldii, 
Denis, Blatrix, and Fresneau (2006) found that the cuticular hydrocarbons 
responsible for the best discrimination among ovarian development 
classes also yielded a clear discrimination among colonies. In Camponotus 
floridanus, the hydrocarbon profile typical for the colony was clearly pres- 
ent in addition to the reproductive profile in queens (Endler et al. 2004), 
and similar results were obtained in Diacamma ceylonense (Cuvillier-Hot 
et al. 2001). Hence, the cuticular profile contains dual information about 
colony membership and fertility status. 

According to the Gestalt model, all nestmates share a colonial odor as a 
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result of mixing their cuticular hydrocarbon profiles. However, as far as the 
various hydrocarbons that are correlated with fertility are concerned, the 
lack of gestalt is a reality. Furthermore, there are other intracolonial differ- 
ences (behavioral subcaste, age, sex) encoded in the cuticular hydrocarbon 
profiles. How can these intracolonial differences be reconciled with the 
mixing of odors? Further studies are needed to verify that mutual ex- 
change of hydrocarbons is always necessary to maintain a colony profile (a 
function claimed for the postpharyngeal gland, Lahav et al. 1998; Boulay 
et al. 2000), and the link with the genotype must be elucidated. Another 
possibility is that the hydrocarbons correlated with fertility are produced at 
a higher rate than other longer-chained hydrocarbons. This needs to be 
investigated empirically. Indirect support for this is the high frequency of 
self-grooming shown by new alphas in S. peetersi (Cuvillier-Hot et al. 
2004). Self-grooming results in a transfer of hydrocarbons to the post- 
pharyngeal gland via the basitarsal brush on the front legs, as shown in 
Pachycondyla apicalis (Hefetz et al. 2001). New alphas benefit from 
communicating their change in status as quickly as possible, and this can 
be achieved by removing cuticular hydrocarbons that no longer reflect 
their current physiological condition. It is a challenge for the future to un- 
derstand how ants are able to extract multiple pieces of information from a 
single hydrocarbon profile. We need to identify the different active parts 
of the profile and separately demonstrate the ability of the ants to retrieve 
various kinds of information. Once this is achieved, the concept of “queen 
pheromone” can be usefully replaced by fertility pheromone. 
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CHAPTER ELEVEN 
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Vibrational Signals in Social Wasps: A Role in 


Caste Determination? 


ROBERT L. JEANNE 


SOCIAL INSECT COLONIES are characterized by specialization of their 
individual members whose diverse social activities are coordinated by 
means of cues and signals (Seeley 1995). It has long been recognized that 
the chemical mode dominates the signal channels used by social species 
(Wilson 1971). Mechanical signals, while probably less important than 
chemical signals, are also widely used and take a variety of forms, including 
stridulation, head-banging, piping, antennation, jerking, wing-buzzing, 
scraping, and drumming (Hill 2001; Hölldobler and Roces 2001). 

Paper wasps (Vespidae) produce mechanical signals in a variety of con- 
texts (Figure 11.1, Pratte and Jeanne 1984; Jeanne and Keeping 1995; 
Matsuura 1984). Mechanical signals are especially conspicuous in the 
independent-founding Polistinae belonging to the genera Polistes, 
Mischocyttarus, Ropalidia, and Belonogaster. Females produce these sig- 
nals either by rapidly shaking the body while standing on the nest or by 
beating some part of the body against the nest or even a nestmate. Fre- 
quencies are typically in the range of 3-30 strikes/sec and may be of high 
enough amplitude to cause the nest itself to vibrate. In most cases they are 
issued in short bursts lasting a second or less, sometimes repeated regu- 
larly. Movements that strike the nest are often vigorous enough to produce 
sound audible to the human ear a meter or more from the nest (Keeping 
1992; Pratte and Jeanne 1984). Because vespid wasps lack ears, these 
sounds are incidental and the energy must be perceived by colony mem- 
bers via vibration of the nest structure. The frequency and intensity at 
which they are produced, and the risk that the sounds produced may call 
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Figure 11.1. Antennal drumming by a Polistes fuscatus queen. The antennal 
flagella move in synchrony (see dotted outline of antennae) to strike the far rim 
of the larval cell over which she is poised. Drawn from a frame of 16-mm movie 
film. (Reproduced from Pratte and Jeanne 1984, with permission of the 
publisher.) 


the attention of predators, suggest that these movements are costly to pro- 
duce and that they are therefore likely to benefit their producers and can 
be assumed to be signals (Seeley 1995). 

I have two aims in this chapter. The first is to review the occurrence of vi- 
brational signals across the independent-founding wasps. The review is orga- 
nized around the contexts in which the signals occur. Two contexts are 
recognized: brood care, particularly trophallactic contacts with larvae (feed- 
ing context), and non-brood care contexts (non-feeding context). Although 
some hornets and yellowjackets produce vibratory signals in similar contexts, 
because they are less well known the Vespinae are not considered here. 

The second aim is to critically review hypotheses on the functions of vi- 
bratory signals in these wasps. Although several functions have been pro- 
posed, none is well supported, and the meaning of these signals remains 
mysterious. I propose a new hypothesis: that these vibrations are signals 
that bias caste development via biochemical changes and gene expression, 
either as stress inducers or as fertility indicators. 

In this review I adopt the following terminology. If the vibration is pro- 
duced by striking the nest with a part of the body, it is called drumming, 
modified by the body part used, if known (antennal drumming, gastral 


drumming). If it is not clear whether or not the nest is struck, and for 
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forms where the nest is not struck but is shaken, I use the term vibration 
preceded by a modifier describing the form of the movement (lateral vi- 
bration, longitudinal body vibration). 


Feeding Context: Vibrational Signals Associated 
with Brood Care 


Vibratory signals produced in close association with trophallactic visits to 
larvae occur in most of the better-studied species of independent- 
founding polistine wasps. The behavior has been most thoroughly studied 
in Polistes, but analogous behavior occurs in at least three of the four other 
genera. 


Polistes 


Pratte and Jeanne (1984) showed that antennal drumming (AD) in P fusca- 
tus is associated with the feeding of prey liquid to larvae (Figure 11.1). 
When a founding-stage queen returns to the nest with prey, she malaxates it 
for several minutes, imbibing the juices, then distributes the solid residue to 
the larger larvae. She then moves from cell to cell in the nest, pausing to 
drum her antennae on the rim of each without contacting the brood, before 
moving on to the next cell and repeating. The dorsal surfaces of the antennal 
flagella synchronously strike the rim of the cell at a rate of 25-32 beats per 
second; each drum lasts about one second. When the drumming is per- 
formed especially vigorously, the wasp’s entire body moves rapidly forward 
and backward in synchrony with each strike of the antennae (see Pratte and 
Jeanne 1984, Figure 11.1, for an illustration). After several minutes of this, 
the queen enter’s each cell after drumming on it. If the cell contains a larva, 
she regurgitates a droplet of the prey liquid she has imbibed, touches it to 
the larvas mouthparts, and the larva ingests it. She repeats this sequence 
until each larva is visited and regurgitated to many times. Essentially the 
same behavior has been reported for Polistes annularis, bellicosus, canaden- 
sis, carnifex, carolinus, erythrocephalus, exclamans, instabilis, jokahamae 
(fijadwigae), metricus, and versicolor (Pratte and Jeanne 1984). 

Although P. dominulus lacks AD, females perform a more or less vigor- 
ous side-to-side shaking of the abdomen (Brillet, Tian-Chansky, and Le 
Conte 1999) that is virtually identical in form to the lateral vibration (LV) 
described for other Polistes (Savoyard et al. 1998; see below). The intensity 
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of LV varies but may be strong enough to cause the entire body to shake, 
and sometimes the abdomen strikes the nest during vibration (Brennan 
2007). Nearly 90% of the LVs were performed in the context of feeding 
larvae; the other 10% occurred in non-feeding contexts such as aggressive 
encounters with other adults (Brillet, Tian-Chansky, and Le Conte 1999; 
see below). Unlike P. fuscatus, a female P. dominulus performs LV as she 
begins to feed the solid bolus, continuing, but with reduced intensity, as 
she feeds the liquid. LVs are also sometimes performed during inspection 
of cells without feeding (Brillet et al. 1999). 


Mischocyttarus 


Females of the Neotropical wasp Mischocyttarus drewseni process and 
distribute solid food in the same way as Polistes fuscatus (Jeanne 1972). 
During the subsequent liquid-feeding phase, the female rapidly drums the 
gaster dorsoventrally (GD) against the nest for a fraction of a second prior 
to entering each cell. At the end of a round of feeding, the female occa- 
sionally performs a violent longitudinal body vibration (LBV) with its head 
inserted in an egg or larval cell, producing an audible rattle (Jeanne 1972). 
GD is also performed by M. bimaculatus and M. mexicanus (S. Surya- 
narayanan, pers. comm.). 


Ropalidia 


R. cincta females issue a vigorous wing buzz prior to entering a cell to feed 
solid food to the larva (Darchen 1976). After the solid is distributed, the fe- 
males engage in trophallaxis with the larvae, again preceding each visit by a 
wing buzz. R. marginata females perform three kinds of body oscillations in 
the feeding context (S. Suryanarayanan, pers. comm.): a burst of wing- 
buzzing upon leaving a larval cell after feeding solid or liquid; a vigorous LBV, 
sometimes hitting the rim of the cell with the head or antennae; and a jerk of 
the body after exiting from a cell. While feeding liquid, R. fasciata females 
perform LBV with the head in the cell, the vibration lasting 10-30 seconds 
(Ito 1983). R. revolutionalis antennal drums like Polistes fuscatus (pers. obs.). 


Belonogaster 


In the first report of vibrational signaling in wasps, Roubaud (1916) de- 
scribed how, after feeding solid prey to the larvae, females of B. juncea 
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rustle or vibrate the wings before entering each larval cell, For the same 
species, Tindo, Francescato, and Dejean (1997) describe a dorso-ventral 
movement of the gaster. B. petiolata performs an LBV with the body head- 
down and nearly perpendicular to the nest surface, occasionally causing an 
audible rattle (Keeping 1992; M. G. Keeping, pers. comm.). Several fe- 
males, including those not feeding larvae, may perform LBV simultane- 
ously and synchronously. 

Several facts argue against a role for these signals in dominance interac- 
tions among adults. First, solitary foundresses perform the behavior in the 
absence of other adults (Brillet, Tian-Chansky, and Le Conte 1999; Hard- 
ing and Gamboa 1998; Pratte and Jeanne 1984). Second, even when other 
adults are present, the behavior is not directed at them (Harding and 
Gamboa 1998). Finally, other adults on the nest do not respond in any way 
to the vibrations (Brillet, Tian-Chansky, and Le Conte 1999). On the other 
hand, there is ample evidence that the signals are directed at the brood, 
and particularly the larvae. First, they are closely temporally associated 
with adult-larva contacts. Second, the behavior does not appear in a devel- 
oping colony until after the hatching of the first larvae (Brennan 2007; 
Brillet, Tian-Chansky, and Le Conte 1999; Jeanne 1972; Pratte and Jeanne 
1984; S. Suryanarayanan, pers. comm.). On balance, the evidence sup- 
ports the conclusion that these signals are directed at the larvae and not 
the adults. 


The Non-feeding Context: Vibrations Not Associated 
with Brood Care 


In Polistes, two forms of body oscillations occur outside the context of 
feeding larvae. The first is LV: the female shakes the gaster vigorously from 
side to side while standing or moving on the nest (Brillet, Tian-Chansky, 
and Le Conte 1999; Gamboa and Dew 1981; West-Eberhard 1969; see 
Savoyard et al. 1998, Figure 1, for an illustration). The posterior gastral 
sternites often brush the nest surface, producing a rustling or rattling 
sound audible a meter or more away (West-Eberhard 1969) and is some- 
times vigorous enough to shake the entire comb (Savoyard et al. 1998). LV 
of essentially the same form has been reported for Polistes annularis, 
bernardii, richardsi, chinensis, canadensis, dominulus, erythrocephalus, 
exclamans, flavus, metricus, and versicolor (Brillet et al. 1999; Downing 
and Jeanne 1985; Esch 1971; Gamboa and Dew 1981; Hermann, Barron, 
and Dalton 1975; Ito 1995; Kasuya 1983; Strassmann 1981; West-Eberhard 
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1969). Mean frequencies are 15-21 strokes (i.e., half a cycle) per second 
and bursts last 0.3-0.7 seconds (Brillet, Tian-Chansky, and Le Conte 1999; 
Esch 1971; Savoyard et al. 1998). In P. dominulus, LV performed in this 
context is similar in form to LV performed in the feeding context (Brillet, 
Tian-Chansky, and Le Conte 1999). Polistes-like LVs have been reported 
for Mischocyttarus angulatus and M. basimacula (Ito 1993), but are absent 
in M. drewseni (Jeanne 1972). Dominant females of Ropalidia cyathi- 
formis produce a rapid dorso-ventral or lateral movement of the gaster, or 
a single quick flap of the wings (Gadagkar and Joshi 1984). Belonogaster 
juncea shakes the gaster dorso-ventrally, sometimes causing the entire 
body to vibrate (Tindo, Francescato, and Dejean 1997). 

The second form of body oscillation is similar in form to LV, but is a much 
slower abdominal movement. Described by Gamboa and Dew (1981) as 
“abdominal wagging” (AW), the female shakes her gaster horizontally at 3-7 
oscillations per second as she walks over cells containing brood. It lasts 
2-10 seconds and often produces a faint rustling sound (Gamboa and Dew 
1981). It has been reported for P. metricus, P. fuscatus, and P. stigma (Gam- 
boa and Dew 1981; Harding and Gamboa 1998; Suzuki 1996). 

Whether LV and AW are qualitatively distinct in form is an open ques- 
tion. Some observations suggest they are points on a continuum (Brennan 
2007). Vibrations intermediate in intensity between AW and LV have been 
observed in P metricus (Gamboa and Dew 1981), and in P dominulus LVs 
range continuously in intensity from extremely low (AW-like) to so vigorous 
that the entire body shakes (Brillet, Tian-Chansky, and Le Conte 1999). 


Current Hypotheses on Function 


Feeding-Context Vibrational Signals 


One hypothesis is that vibrational signals in this context stimulate the lar- 
vae to release trophallactic salivary secretion (Darchen 1976; Keeping 
1992; Roubaud 1916; Tindo, Francescato, and Dejean 1997). However, in 
species in which these trophallactic visits have been carefully observed, 
the direction of flow is to the larvae (Corn 1972; Ito 1983; Jeanne 1972; 
Réseler and Réseler 1989; Yamane 1971). In P. fuscatus, during a female’s 
AD visits following distribution of solid food, she regurgitates a droplet 
then moves her head slowly into the cell until the droplet makes contact 
with the larva’s mouthparts. The adult’s mouthparts remain open and still, 
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while those of the larva quiver slightly, suggesting that the larva is imbibing 
the fluid. The adult's gaster telescopes slowly inward, indicating that liquid 
is being forced out of the crop. This has been confirmed for two species 
using dye-colored prey items (Jeanne 1972; Pratte and Jeanne 1984). The 
pattern in which the feeding of solid prey to larvae is followed by an ex- 
tended round of repeated contacts for liquid trophallaxis with the larvae is 
widespread if not universal in these wasps. Parsimony therefore suggests 
that larvae are being fed similarly in those genera that have not yet been 
carefully studied, and that reports that the trophallactic contacts are solici- 
tations of larval saliva are incorrect. 

Reports for several species that vibratory signaling occurs during the 
feeding of solid food and non-feeding inspections of brood cells (Darchen 
1976; Brillet, Tian-Chiansky, and Le Conte 1999; Suryanarayanan, pers. 
comm.) also fail to support this hypothesis: females feeding solid material 
to larvae are unlikely to simultaneously solicit larval saliva to imbibe. Fur- 
thermore, males and newly eclosed adults of both sexes visit larvae and so- 
licit trophallactic saliva (Jeanne 1972), but have never been reported to 
perform any kind of vibrational behavior. Thus, vibratory signals are not 
necessary to elicit larval saliva. 

Taken together, these observations indicate that this hypothesis has little 
support and that vibrational signaling in this context does not function as a 
stimulus for the release of larval saliva. 

An alternative hypothesis states that vibrational signaling in this context 
inhibits the release of salivary secretion by larvae. Pratte and Jeanne 
(1984) showed that larvae of Polistes fuscatus released significantly less 
saliva following AD than when not subjected to AD. They hypothesized 
that the inhibition prevents saliva from becoming mixed with and diluting 
the liquid food coming from the adult (Pratte and Jeanne 1984). 

However, several observations raise doubts about this hypothesis as 
well. First, Pratte and Jeanne (1984) found AD in the feeding context to 
reduce trophallactic saliva release by less than 23% over controls, not a 
very strong inhibition. Second, vibrational signaling does not always ac- 
company the feeding of liquid. Workers rarely perform it when feeding 
larvae, indicating that it is not a necessary signal in this context (Brillet, 
Tian-Chansky, and Le Conte 1999, Pratte and Jeanne 1984). Third, in 
P. dominulus LV is frequently performed during non-feeding inspection 
visits to brood cells (Brillet, Tian-Chansky, and Le Conte 1999). Finally, 
late in the colony cycle of P. dominulus feeding-context LVs are rare or 
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absent, yet larvae are fed liquid normally (Brillet, Lian-Chansky, and Le 
Conte 1999). 


Non-Feeding-Context Vibrational Signals 


Compared to feeding-context signals, it has been more difficult to deter- 
mine whether non-feeding-context signals are directed at the adults or the 
larvae. Again, there are two hypotheses on function. 

First, there is some evidence that LV is a form of aggression toward 
other Polistes adult females. This evidence follows several lines. In a num- 
ber of species, LV is performed most frequently and/or energetically by 
queens, less frequently by high-ranking subordinates, and rarely by work- 
ers (Brillet, Tian-Chiansky, and Le Conte 1999; Downing and Jeanne 
1985; Gamboa and Dew 1981; Ito 1995; Kasuya 1983; Savoyard et al. 
1998; Strassmann 1981; Theraulaz et al. 1992; West-Eberhard 1969, 
1986). Similarly, abdominal wagging in Polistes is more often performed 
by queens than by subordinate foundresses or workers (Gamboa and 
Dew 1981). Furthermore, dominance hierarchies based on frequency of 
performance of LV match those based on aggressive interactions (Hughes, 
Beck, and Strassman 1987; but see Savoyard et al. 1998) and LV is often 
temporally associated with aggressive encounters (Brillet, Tian- 
Chiansky, and Le Conte 1999; Ito 1993; Theraulaz et al. 1992; West- 
Eberhard 1969, 1986; but see Downing and Jeanne 1985). In particular, 
in some species LV is most conspicuous during the founding period or 
after queen disappearance, when there is reproductive competition among 
females (West-Eberhard 1969). Subordinates and dominants react differ- 
ently to the behavior (Gamboa and Dew 1981; Ito 1993; Theraulaz et al. 
1992). Performance of an LV is sometimes directed at another adult on the 
nest, especially newly emerged females, subordinates, and workers (Bril- 
let, Tian-Chansky, and Le Conte 1999) which may avoid individuals engag- 
ing in LV or leave the nest in response (West-Eberhard 1986). Finally, LV 
performance frequency is positively correlated with ovary development 
(Ito 1995). 

A second hypothesis is that vibratory signals in the non-feeding context 
regulate the release of larval trophallactic saliva. Indeed, there is some ev- 
idence that these signals are directed at the larvae. LV and AW in Polistes 
may be performed by a solitary foundress or by a co-foundress when she is 
alone on a nest containing larvae (Downing and Jeanne 1985; Savoyard 
et al. 1998). In some cases LV and AW in Polistes spp. occur rarely or not at 
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all until the larvae hatch (Downing and Jeanne 1985; Gamboa and Dew 
1981; Savoyard et al. 1998). In P. metricus, the frequency of LV and the 
number of larvae in the nest are positively correlated (Gamboa and Dew 
1981). The strongest evidence that LV is correlated with the presence of 
larvae comes from Savoyard et al.’s demonstration for P. fuscatus that re- 
moval of larvae from founding-stage, multiple-foundress nests significantly 
reduced the rate of lateral vibration. After the removed larvae were re- 
placed, LV rate increased. 

Based on patterns of occurrence, Harding and Gamboa (1998) hypothe- 
sized for Polistes fuscatus that AW stimulates release of larval saliva and LV 
inhibits it. Larvae released significantly less saliva immediately after an LV 
than 30 minutes after (Cummings, Gamboa, and Harding 1999). Noting 
that LVs cluster in the 2.5-minute interval prior to a foraging trip, Cum- 
mings et al. suggested that LV minimizes release of larval saliva during 
the foundress’s absence when it might attract parasites and predators to 
the nest. 

The case that non-feeding—context signals regulate release of larval 
saliva is less than compelling for several reasons. First, the experimental 
work with LV has shown only modest reductions (20-30%) in the amount 
of saliva yielded by larvae (Cummings et al. 1999), less than expected if the 
signal were an effective inhibitor. The reduced yield of saliva and the re- 
traction of larvae in response to these signals (Cummings, Gamboa, and 
Harding 1999; Savoyard et al. 1998) could be generalized startle re- 
sponses. Second, if these signals had to do simply with the mechanics of 
regulating flow of larval saliva, why should only the most dominant females 
use them? Third, there is no experimental evidence that AW stimulates re- 
lease of larval saliva. Finally, why and how could AW and LV evolve to have 
opposite affects on the receiver, when they are so similar in form (Brillet, 
Tian-Chansky, and Le Conte 1999; Gamboa and Dew 1981)? 

Although there is evidence that LV and AW are directed at larvae, the 
case against their being directed at adults as well is not compelling. There 
are reports of these signals being performed on multi-foundress nests 
containing only eggs (Hughes, Beck, and Strassman 1987; Strassmann 
1981; Tindo, Francescato, and Dejean 1997), and LV is often closely asso- 
ciated with adult-adult aggression and/or is directed at other females. It is 
possible, therefore, that these signals have effects on both larvae and 
adults. 
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Vibrational Signals and Caste Determination 


Do vibrational signals play a role in caste determination? Existing hy- 
potheses on the function of these signals assume that the signals have re- 
leaser effects on behavior. I suggest that this is incorrect, and that they 
instead have a modulatory effect on growth, development, and reproduc- 
tive physiology. This notion was first suggested by Brillet, Tian-Chansky, 
and Le Conte, whose observations of LV in Polistes dominulus led them to 
conclude that feeding-context signals can have little to do with the me- 
chanics of adult-larva trophallaxis and to suggest instead that it somehow 
helps to prepare workers for their future status as dominated subordinates 
(Brillet, Tian-Chansky, and Le Conte 1999). They also suggested that vi- 
brational signals performed in the non-feeding context maintain females 
in a subordinate, nonreproductive state. 

I suggest that Brillet et al.’s hypothesis can be applied to all the indepen- 
dent-founding polistine wasps, that the various forms of vibrational signals 
performed in the feeding context are directed at the developing larvae, 
and that vibrations performed in the non-feeding context have effects on 
both the larvae and adults. Further, I hypothesize that all of these signals 
are part of the same functional continuum as physical attacks by dominant 
individuals on subordinates; that is, they act via the same pathways to have 
suppressive effects on reproductive physiology of the recipients. Finally, I 
argue that the signals initiate a cascade of biochemical events in the recip- 
ients, resulting in patterns of gene expression that reduce the reproductive 
potential of the recipient. The vibrations are transmitted through the nest 
carton to the adults standing on the nest as well as to the brood inside the 
cells, whereas dominance attacks transmit the signal directly onto the body 
of the recipient adult female. 

The argument that vibrational signals directed at the larvae bias devel- 
opment toward worker-like adults rests on the assumption that some de- 
gree of pre-imaginal caste determination occurs in these wasps. The queen 
has an interest in producing early offspring that will behave as workers, 
and to this end she can exert influence on them both as larvae and as 
adults. Although most independent-founding polistines lack discrete mor- 
phological castes, there is evidence of behavioral, physiological, and mor- 
phological differences among adults that are traceable to the larval stage 
(Gadagkar et al. 1991; Hunt and Amdam 2005; reviewed by O’Donnell 
1998). Eickwort (1969) found that females of P. exclamans on late-season 
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nests fall into two groups based on quantity and quality of fat body. Work- 
ers had fat body that was thin, patchy, opaque, and yellowish, while gynes 
had a continuous thick blanket of whitish, translucent fat body. Keeping 
(2002) has shown for B. petiolata that gynes are significantly larger, differ 
in body shape, and have significantly more fat than workers. In the only di- 
rect test of the null hypothesis that all adult females are reproductively ca- 
pable, Gadagkar et al. (1991) showed that when eclosing females of 
Ropalidia marginata were isolated and fed ad-libitum, only about half 
were capable of initiating nests and laying eggs. Finally, analysis of storage 
proteins in adult Polistes showed differences between females emerging 
early and late in the colony cycle that could be linked to caste differentia- 
tion in the pre-imaginal stage (Hunt, Buck, and Wheeler 2003). It should 
be cautioned that pre-imaginal influences appear to have only a biasing ef- 
fect on caste in most of these wasps, leaving considerable flexibility in the 
adult stage for social and environmental factors to influence caste 
(Gadagkar et al. 1991; Mead and Gabouriaut 1993). 


Current Hypotheses on Mechanisms of Pre-imaginal 
Caste Determination 


The current consensus is that differential nutrition during the larval stage 
is the cause of pre-imaginal caste determination in social vespids (Hunt 
1994; O’Donnell 1998; Wheeler 1986, 2003). Well-fed female larvae 
develop into gynes, whereas the less well-fed become workers (Hunt and 
Amdam 2005). This has some support from food supplementation studies. 
Compared with controls, colonies given ample nutrients produce higher 
frequencies of female offspring with gyne-like traits, including larger size, 
more fat body, and enhanced cold tolerance (Hunt and Dove 2002; Karsai 
and Hunt 2002; Mead et al. 1994; Miyano 1998; Rossi and Hunt 1988). 
Conversely, underfeeding produces smaller offspring (Karsai and Hunt 
2002). It has been also suggested that workers produced early in the 
colony cycle are the result of poor larval nutrition due to a high 
larva/worker (L/W) ratio, while the later-eclosing gynes benefit from im- 
proved nutrition due to a declining L/W ratio (Gadagkar et al. 1991; Reeve 
1991; West-Eberhard 1969). 

Hunt and Amdam (2005) recently developed a model for the origin of 
eusociality in Polistes that is based on the developmental pathways already 
in place in the presumed bivoltine, solitary ancestor. They postulate that 
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larvae diverge into one of two developmental pathways: worker-biased if 
they receive scanty food, gyne-biased if they receive abundant food. How- 
ever, the quantity of nourishment received by larvae appears to be insuffi- 
cient to account for observed patterns of development (Reeve 1991; 
West-Eberhard 1969) for atleast two reasons. First, rate of larval develop- 
ment, generally positively correlated with resource availability in insects 
(Nijhout 2003), does not correlate well with caste. In Polistes and Ropa- 
lidia, larval development times are shortest for the first few (worker) off- 
spring, rise rapidly to a maximum for later-eclosing workers, then gradually 
decline to intermediate durations for the remainder of the colony cycle, 
when gynes are produced (Kojima 1989; Kudo 2003; Mead et al. 1994; 
Miyano 1983, 1990, 1998; Strassmann and Orgren 1983). Thus, larval 
growth rate of workers spans the range of fastest to slowest in the life of 
the colony, while gynes have intermediate development rates. This pattern 
is also found in tropical Mischocyttarus (Jeanne 1972), so it cannot be tem- 
perature related. Interestingly, virtually all the difference in development 
time between the earliest and later workers is concentrated in the fifth in- 
star (Polistes chinensis: Miyano 1990), just as in Apis mellifera (Wang 
1965). This may be a manifestation of the greater accumulation of hexam- 
eric storage proteins being laid down in the last instar (Hunt, Buck, and 
Wheeler 2003), as predicted by the Hunt and Amdam model. 

Second, the first-produced workers not only develop more rapidly 
than any subsequently produced females, but paradoxically they are also 
the smallest (Karsai and Hunt 2002; Miyano 1983; Turillazzi 1980; Turil- 
lazzi and Conte 1981). Although Mead et al. (1994) and Kudo (2003) 
concluded that the rapid growth of the first larvae in Polistes is due to 
more intensive feeding, this is contradicted by supplemental feeding of 
larvae, which leads to both more rapid larval development and growth to 
larger, not smaller, adults (Kudo 2003; Miyano 1998; Rossi and Hunt 
1988; West-Eberhard 1969). In other words, the sizes to which offspring 
grow do not correlate well with their rates of development as larvae. Fur- 
thermore, the larger females produced later in the colony cycle some- 
times include workers that do not differ measurably in size from gynes 
(Miyano 1983). 

In summary, quantity of food received by a larva appears to be insuffi- 
cient to explain the patterns of offspring size, rate of development, and 
caste. The evidence suggests that the effect of nutrition must be modu- 
lated by at least one additional source of environmental input (Miyano 
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1983, 1990; Miyano and Hasegawa 1998; Reeve 1991). I suggest that the 
missing factor is the vibrational stimuli produced so prominently by these 
wasps. 


The Mechanical-Switch Hypothesis: Possible Mode of Action 


I postulate that vibrational signals performed in the context of larval feed- 
ing have developmental effects. How environmental signals induce gene 
expression leading to the development of castes in most eusocial 
Hymenoptera is not fully understood, but current evidence suggests that 
differences in food quality trigger changes in levels of neurohormones, 
juvenile hormone (JH), insulin, and ecdysone, which in turn may act as 
token stimuli that mediate the gene-expression differences leading to 
caste-specific developmental pathways (Nijhout 2003; Wheeler 2003). The 
vibrational signals transmitted through the nest to the larvae (Brennan 
2007) early in the colony’s development induce biochemical changes in the 
developing larvae that may ultimately trigger changes in gene expression, 
causing those larvae to develop worker traits. Vibration, when coupled 
with differences in quantity of nutrition received by the larvae, could give 
rise to the observed differences in development rates, sizes, and caste- 
specific traits. Thus, they may be modulator or inducer signals (Hélldobler 
1999) in that they modify the developmental response of the larva to the 
amount of food it receives, or modulate the reproductive physiology of an 
adult female. This may explain why behavioral responses to these signals 
by larvae and adults are typically absent. 

There is good evidence that various kinds of stressors, including me- 
chanical, affect levels of biogenic amines in insects. Tribolium castaneum 
larvae subjected to tumbling in vials at 40 revolutions per minute for three 
days experienced a 191% increase in whole-body octopamine level over 
that of controls (Hirashima, Uenoi, and Eto 1992). Vibration stimulated 
pupation in T. freemani larvae housed in crowded conditions, suggesting 
that octopamine is involved in larval programming (Hirashima et al. 1995). 
Cockroaches, locusts, and crickets show elevated octopamine concentra- 
tion in response to mechanical and other forms of stress (Davenport and 
Evans 1984; Orchard, Loughton, and Webb 1981; Woodring, Meier, and 
Rose 1988). Male Drosophila virilis show a significant elevation in 
dopamine concentration following shaking for 60 minutes (Rauschenbach 
et al. 1993). And worker honey bees subjected to dorso-ventral vibration by 
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other workers experienced significant elevations in JH titer 15 to 30 min- 
utes later (Schneider, Lewis, and Huang 2004). 

Changes in biogenic amine levels in turn influence levels of hormones, 
including juvenile hormone, known to be involved in queen-worker caste 
differentiation during the larval stage (Rachinsky and Hartfelder 1990; 
Rachinsky et al. 1990). Octopamine and serotonin stimulate release of JH 
by the corpora allata in honey bee larvae, suggesting a role for biogenic 
amines in the regulation of caste determination in Apis (Rachinsky 1994). 
There is also direct evidence that stress can cause developmental change. 
Subjecting Tribolium castaneum larvae to mechanical stress caused a 54% 
reduction in larval growth to 54% of that of controls (Hirashima, Uenoi, 
and Eto 1992), and vibration at 100 Hz for two days reduced weight gain to 
55% that of controls (Hirashima et al. 1993). Exposure of mice to low mag- 
nitude, 90-Hz vibration for 15 minutes per day over 15 weeks inhibited 
adipogenesis by 27% (Rubin et al. 2007). 

These studies suggest that repeated vibration may be as effective an en- 
vironmental signal as food quality in triggering a cascade of events linking 
biogenic amines, through hormones, to patterns of gene expression and 
development, and thus may play a role in caste determination in indepen- 
dent-founding social wasps. 

In Apis, Vespa, and Vespula, the third larval instar (of five) is the critical 
stage at which queen- and worker-destined larvae begin to diverge devel- 
opmentally (Ishay 1975; Evans and Wheeler 1999). In A. mellifera this is 
caused by a “nutritional switch” (Wheeler 1986) that leads to differences 
in gene expression in the two developing castes (Evans and Wheeler 1999; 
Hepperle and Hartfelder 2001). In Polistes dominulus the onset of 
feeding-context LV signals coincides with the eclosion of third-instar lar- 
vae (Brillet, Tian-Chansky, and Le Conte 1999). In P. fuscatus, although 
Pratte and Jeanne (1984) reported that AD in lab colonies appeared with 
the first-instar larvae, in field colonies it begins with the third (S. Surya- 
narayanan, pers. comm.). Given the reasonable assumption that in these 
wasps, as in Apis and the vespines, the third is the instar at which develop- 
mental paths diverge, this pattern supports the hypothesis that feeding- 
context signals bias development of larvae into workers. It also suggests 
that third-instar larvae issue some cue or signal that releases feeding- 
context signals, as found in Apis mellifera (Brillet, Tian-Chansky, and Le 
Conte 1999). 

Brillet et al.’s longitudinal study of vibrational signals in Polistes 
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dominulus showed that feeding-context LVs were most frequent when 
worker-destined larvae were being reared. LVs performed in the non- 
feeding context, on the other hand, increased sharply at about the time the 
first workers emerged (week five) and remained high through week 10, the 
end of Brillet et al.’s study. This pattern supports the hypothesis that these 
signals function in part to suppress reproductive maturation in adult 
worker offspring. 

Although several studies have found little evidence that adults are the 
target of vibrational signals in this context (Downing and Jeanne 1985; 
Gamboa and Dew 1981; Savoyard et al. 1998) or that adults respond to the 
signals (Brillet, Tian-Chiansky, and Le Conte 1999; Esch 1971; Gamboa 
and Dew 1981; Savoyard et al. 1998), others link vibrational signals to 
physical dominance attacks. In Mischocyttarus drewseni, dominance at- 
tacks involving chewing on the body of a subordinate female were often 
accompanied by a rapid longitudinal body vibration (LBV), with the head 
of the dominant striking the subordinate (Jeanne 1972). On other occa- 
sions the dominant, while still facing a subordinate it had just dominated, 
drummed the gaster (GD) vigorously against the nest surface. Both LBV 
and GD are also used in the feeding context (see above), suggesting simi- 
lar function whether directed at larvae or adults and supporting the notion 
that non-feeding—context signals are directed at both larvae and adults. 
Brillet et al. (1999) have linked non-feeding—context LVs to aggressiveness 
in P. dominulus, noting that they were often directed at newly eclosed 
workers. Although LV is apparently absent in Ropalidia fasciata (Ito 1983), 
the dominant female often mounts the back of a newly returned forager 
and solicits fluid from it, sometimes while vibrating the body violently 
enough to cause the forager’s body to shake (Ito 1993). 

If the mechanical-switch hypothesis is correct, vibrational signals in the 
non-feeding context may well affect development of both larvae and adults 
and need neither be directed at nor elicit a behavioral response by individ- 
uals of either to have their effect. 


Conclusions 


Vibrational signals in the independent-founding polistines, notwithstand- 
ing their conspicuousness and frequency of occurrence, have proven re- 
markably resistant to functional analysis. Part of the difficulty may be 
traced to our reluctance to think of functions other than releasers of 
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behavioral responses in larvae and/or adults. The difficulty may also be 
due in part to the narrow focus to date on one or a few related species in 
attempts to understand function. The comparative review presented here 
suggests not only that these signals are widespread and variable across 
taxa, but highlights differences in details of temporal pattern, form, and as- 
sociation with other social behavior on the nest that do not fit current hy- 
potheses based on releaser functions. The broader perspective taken here 
suggests instead that these movements may have.become ritualized to 
have inducer, or modulatory, functions relating to development of caste 
differences. The hypothesis proposes in broad outline how vibrational sig- 
nals may have developmental consequences for larvae and adults. 

In socially complex Hymenoptera such as honey bees and many ants, 
the production of workers and gynes is ultimately regulated by queen 
pheromones. Proximate control is provided by environmental stimuli in 
the form of different chemical signals issued, respectively, to worker- and 
queen-destined larvae. Recent research, especially on bees and ants, has 
begun to piece together the biochemical pathways that bring about the dif- 
ferential gene expression leading to caste differentiation and to specializa- 
tion within the worker caste (Evans and Wheeler 1999; Toth and Robinson 
2007; Wheeler 2003). What is proposed here is that the biochemical ma- 
chinery of the pathway is in place in even the most primitively eusocial 
species. The onset of vibrational signaling in the feeding context in Polistes 
coincides with the appearance of third-instar larvae in the nest (Brillet, 
Tian-Chansky, and Le Conte 1999), which suggests that it is the third lar- 
val instar that is sensitive to an environmental trigger, as in more complex 
bees and wasps. In the simple societies of the independent-founding 
wasps chemical triggers may be absent. Instead, vibrational signals may 
represent an alternative, albeit cruder, mechanism for biasing the develop- 
ment of the first offspring toward worker-like behavior and suppressing 
their reproductive function as adults. 

In making the case for the effect of vibrational signals on the develop- 
ment of larvae, I have adopted the language of “parental manipulation” to 
describe how these signals manipulate the development of the larvae, pos- 
sibly against their own interests. Inasmuch as the larvae are completely 
subject to the control of the adults on the nest in terms of how they are fed 
and otherwise treated, this seems a reasonable interpretation. Neverthe- 
less, it is equally possible to interpret these vibrations as fertility signals 
that indicate the presence of a viable egglayer and that larvae and adults 
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respond by adopting a developmental pathway that is likely to maximize 
their inclusive fitness under those conditions (Peeters and Liebig, this vol- 
ume). Just as the weight of evidence supports such an assessment hypoth- 
esis for adult-adult interactions among social insects (Liebig, Monnin, and 
Turillazzi 2005; Peeters and Liebig, this volume; West-Eberhard 2003), it 
may well turn out to be the case for adult-brood interactions as well. 

In adopting the comparative approach in this chapter I have made the 
simplifying assumption that the functions of vibrational signals are the same 
across the independent-founding polistine genera. There is the risk that this 
glosses over what may be real differences in function among species and 
genera. On the other hand, focusing on the differences can point the way to 
fruitful lines of research. A particularly interesting avenue for further study 
is whether these wasps all use vibrational signals in the same way or whether 
some will be shown to have pheromonal regulators of caste. The differences 
and anomalous cases among the species and genera reviewed here will pro- 
vide the footholds and leverage necessary to tease apart the details of the 
function or functions of these conspicuous, yet puzzling, signals. 
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Convergent Evolution of Food Recruitment 


Mechanisms in Bees and Wasps 


JAMES C. NIEH 


THE STUDY OF FORAGING activation has played a crucial role in the the- 
oretical development of sociobiology. In particular, explorations of the for- 
aging and recruitment behavior of social bees and wasps have provided the 
groundwork for much of the theory on central place foraging. Advances in 
our understanding of foraging activation in bees (Apiformes) and social 
wasps (Vespidae) show fascinating convergent similarities within and be- 
tween these groups, suggesting that they have found similar solutions to 
the problems of group foraging. Despite detailed studies of recruitment 
in individual taxa (Dornhaus and Chittka 2004; Dyer 2002; Nieh 2004; 
Raveret Richter 2000), the parallels between these different groups have 
not been fully explored. In this chapter I compare and briefly, though not 
exhaustively, summarize what is known about food recruitment in bees 
and social wasps. The focus is on recent reviews and papers which are di- 
vided into two categories: (1) foraging activation (nest-based recruitment) 
and (2) local enhancement (information provided in the field, outside the 
nest). I also refer to nest-based mechanisms as “information center” mech- 
anisms involving information transfer at a central location on or near the 
nest site. In general, I hope to stir up lively debate and future studies, par- 
ticularly over two hypotheses that the shared behavior of foraging through 
flight is a basis for the parallel evolution of similar forms of (1) odor trail 
communication in bees and wasps and (2) acoustic communication in the 
corbiculate bees. 
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Phylogeny 


The phylogenies of bees and stinging wasps (Hymenoptera, Aculeata) pro- 
vide important information for understanding the evolution of foraging ac- 
tivation. However, as the phylogenies are not fully resolved, it is premature 
to map traits onto uncertain topologies. For example, there is controversy 
about the number of times that eusociality has evolved in the Apinae and 
whether stingless bee or orchid bees are the closest sister group to the 
honey bees (Cameron 1993). Similarly, the correct phylogenetic topology 
of the wasps is debated (Carpenter 2003). All social wasps are in the Vesp- 
idae with the exception of the primitively eusocial wasp, Microstigmus 
comes, which is in the Sphecidae. Within the Vespidae, sociality has 
evolved multiply (Schmitz and Moritz 1998). Furthermore, it is clear that 
sociality and thus cooperative group foraging have evolved independently 
between bees and wasps (Wcislo and Tierney 2007), and multiply within 
bees (Danforth et al. 2006) and wasps (Hines et al. 2007). Thus, even within 
the Apidae, some aspects of recruitment communication are likely to have 
evolved independently and not all similarities in communication mecha- 
nisms point to a similarly behaving ancestor. 


Recruitment 
Foraging Activation 


Foraging activation is an increase in the probability of an individual leaving 
the nest to search for resources as a result of information received (at the 
nest) from successful foragers. This information can come from nestmates or 
non-nestmates (as in an information center), consist of cues (evolutionarily 
basal) or signals (evolutionarily derived), and indicate the general availability 
of resources or their specific location. Intranidal (within-nest) or at-nest 
communication of food location is rare in bees and undocumented in wasps. 

Benefits of recruitment communication can depend on resource den- 
sity. Specifically, honey bee location communication is advantageous if 
patches are variable, poor, and few, but not when resources are densely 
distributed (model results, Dornhaus et al. 2006). Thus communicating 
specific food location may not always be beneficial, even in species with 
this ability because additional nearby resources may be missed. Only 
honey bees and some species of stingless bees are known to communicate 
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specific resource location at the nest (Nieh 2004; von Frisch 1967). Few 
studies have tested the ability of wasps to recruit to a specific location and 
to date there is no evidence that they can do so (Raveret Richter 2000). 


Aggregations 

An untested, though intriguing, possibility is that foraging activation exists 
among clumped nests of solitary bees. Mutual stimulation between soli- 
tary nesting bees could lead to foraging activation. Nesting aggregations 
occur among all taxonomic groups of bees, particularly soil nesters. Potts 
and Willmer (1998) report close spacing of up to 304 nests/m? with a near- 
est neighbor distance of 25.2+1.1 mm in the solitary ground nester, Halic- 
tus rubicundus (Halictinae). Given this population density, near neighbors 
could potentially monitor each others departures. However, departure 
synchrony, or an increased rate of nest departures after the return of a suc- 
cessful forager, is not sufficient to demonstrate foraging activation because 
these effects may also arise from circadian rhythms and times of food avail- 
ability on previous days. Some of these confounding factors could be elim- 
inated with feeder studies (conducted during seasonal food dearth) using 
individually-marked bees whose daily foraging patterns are documented 
before, during, and after food is offered at unpredictable times. 

At solitary bee nesting aggregations, cues such as floral odor adhering to 
returning foragers and, to a limited extent, visual and acoustic information 
could elicit foraging activation. Halictine visual acuity has not been mea- 
sured, but may be similar to that of bumblebees, which can resolve a 2cm 
object from 82 cm away (angular acuity of 0.36 cycles/degree, Macuda et al. 
2001), and worker honey bees (0.26 cycles/degree, Srinivasan and Lehrer 
1988). Such resolution should be sufficient to allow visual detection of near- 
neighbors exiting nests. It is not known if sounds produced by exiting Halic- 
tine foragers can activate neighbor foraging, but this hypothesis is testable. 

Some wasp species exhibit foraging activation. Hrncir, Mateus, and 
Nascimento (2007) demonstrated foraging activation in the social swarm- 
founding wasp, Polybia occidentalis, by showing that newcomers only ar- 
rived at feeders after researchers trained foragers to the feeders. As with 
bees, there is no data on foraging activation in solitary wasp nest aggrega- 
tions. However, solitary digger wasps (Cerceris arenaria) form dense nest- 
ing aggregations of up to 136.4 nests/m* over a 3.6 m? area. Moreover, 
wasps preferred to stay in their natal nests and in the natal nesting area, 
thus creating the potential for increased relatedness among neighbors 
(Polidori et al. 2006). 
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Mechanisms of Information Transfer 

Several multimodal mechanisms of information transfer can activate forag- 
ing in social bees and social wasps. It is useful to consider these in detail, 
because information sources such as excitatory motions of returning for- 
agers, colony resource levels, trophallaxis (food exchange), and olfactory 
cues (food scent) are likely basal, whereas olfactory signals (recruitment 
pheromones) and functionally referential communication are thought to 
be more derived (von Frisch 1967). For example, successful foragers of all 
eusocial corbiculate bees exhibit increased movement rates upon returning 
inside the nest. Increased food quality results in increased velocity and ac- 
celeration of movements by recruiting honey bees (Dyer 2002) and stingless 
bees (Schmidt, Zucchi, and Barth 2006). Bumblebees (Bombus terrestris) 
also perform excitatory runs inside the nest when returning from good food 
sources, and foragers increase their average speed when colony honey 
stores are experimentally depleted (Dornhaus and Chittka 2005). Given 
that such excitatory responses to food are widely observed in many insects, 
these behaviors are possibly basal (von Frisch 1967) 

In wasps, Naumann (1970) reported a “departure dance” in which a rap- 
idly running wasp forager was licked and antennated by nestmates. It 
would be useful to determine if these forager motions follow a similar pat- 
tern to that observed in recruiting stingless bees, which run in zigzag pat- 
terns interspersed with sudden turns (Nieh 2004). Stingless bee (Nieh 
2004) and honey bee recruits (Rohrseitz and Tautz 1999) also frequently 
contact recruiters. 

Excitatory buzzing runs during wasp swarming offers another parallel 
between bees and wasps. Although swarming is distinct from food gather- 
ing, it transfers information about a resource location, the new nest site. In 
stingless bees and honey bees, swarming and foraging use many of the 
same guidance and communication mechanisms (Roubik 1989). Excita- 
tory buzzing runs are seen throughout the swarm in many wasp species 
(Naumann 1975), similar to the behavior of buzz runners in swarming 
honey bees (Seeley et al. 2003). 

Successful foragers returning to the nest can produce acoustic signals in 
bumblebees (B. terrestris; Oeynhausen and Kirchner 2001), stingless bees 
(Nieh 2004), and honey bees (Dyer 2002). In these groups, thoracic mus- 
cle contractions can generate sound and vibrations that could increase for- 
ager conspicuousness to nestmates; however, thoracic muscle contractions 
can occur silently (Heinrich 1984) and thus a non-exclusive route for the 
ritualization of an acoustic recruitment signal is the buzz of foragers as 
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they fly away from the nest. Wasp foragers are not known to produce 
foraging-related acoustic signals, although wasps produce a wide variety of 
vibrational signals including alarm tapping (Jeanne and Keeping 1995). 

Trophallaxis between nestmates can result in foraging activation, partic- 
ularly if successful foragers offer their food to nestmates. For example, 
trophallaxis increases after the return of a successful forager in Megalopta 
bees (Halictidae; Wcislo and Gonzalez 2006), honey bees (von Frisch 
1967), and stingless bees (Hrncir et al. 2000). Returning foragers of the 
facultatively social Megalopta genalis and M. ecuadoria (Halictidae) regu- 
larly give nectar to nestmates. All females can participate in foraging, with 
the second oldest female usually making the most foraging trips (Wcislo 
and Gonzalez 2006). Thus, foraging activation following food exchange is 
possible. In other cases, such as Xylocopa sulcatipes (Xylocopinae), typi- 
cally only one female bee forages and other females receive nectar trophal- 
lactically from her. This would not lead to foraging activation, but Velthius 
(1987) observed two-female nests in which both females foraged and 
could thus potentially activate each other. 

In honey bees, trophallaxis from dancing foragers provides information 
about the odor and sweetness of the nectar, thus contributing toward a for- 
ager’s decision to visit the advertised food source (Farina and Wainselboim 
2005). No studies have shown that trophallaxis alone leads to foraging acti- 
vation in naive honey bees, although one suspects it may lead to foraging 
reactivation in experienced foragers. Similarly, no stingless bee studies 
have systematically examined the possibility of food alertment due solely 
to trophallaxis. 

Trophallaxis and grooming activity can increase after a Mischocyttarus or 
Polistes forager returns to the nest, and one or more foragers may then leave 
(Jeanne 1972). However, we do not know if these forager departures occur 
because of food received from a successful forager. Aggression can activate 
wasp foraging, and provides an interesting parallel to aggressive behavior in 
bees of dominant Megalopta females. In the wasp Polybia occidentalis, 
O'Donnell (2001) found a positive correlation between foraging and the rate 
of being bitten, with some workers leaving to begin foraging activities im- 
mediately after being bitten. Here, the aggressed wasp does not offer food to 
the aggressor, as in the Megalopta, but the aggressed wasp does leave the 
nest, presumably to obtain food. Biting may be an example of foraging acti- 
vation, but it is unclear if the biting wasps had recently discovered food. 

Stored food levels, as assayed through gustation, touch, and olfaction, 
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provide an information reservoir that can modulate foraging activation. 
Communal food provisioning can allow individual foragers to assess colony 
food levels and learn about resource availability. Food levels alone can in- 
form nestmates of colony need and alter foraging, thus modulating forag- 
ing activation. For example, honey bee colonies increase pollen foraging 
when pollen levels decrease (Fewell and Winston 1992). The rate of bum- 
ble bee (B. terrestris) exits increases and successful returning foragers 
spend more time running excitedly when honey pots are depleted than 
when they are full (Dornhaus and Chittka 2005). We know little about the 
effects of communal food provisioning on foraging in other bee groups. 
This is somewhat surprising given that communal provisioning is wide- 
spread among bees such as Anthophoridae (genus Exomalopsis; Michener 
1974); Halictidae, (genus Lasioglossum; Richards, French, and Paxton 
2005); and Euglossini (limited cross-provisioning in Eulaema nigrita; Zuc- 
chi, Sakagami, and Camargo 1969). 

Non-food related stores might also affect foraging decisions, although 
the influence of non-food supplies on colony foraging has received less at- 
tention than food stores. In the orchid bee, Euglossa townsendi (Eu- 
glossini), resin is reused from old cells and taken from resin dumps created 
by foragers near the nest entrance (Augusto and Gar6falo, 2004). Whether 
resin foraging activation occurs remains to be determined. In Eulaema 
nigrita (Euglossini), foragers created separate piles of building materials 
(resin, mud, and feces) that were used communally to seal cracks in the 
nest and to complete brood cell construction (Santos and Garéfalo 1994). 
It is unknown if non-food stores can influence Euglossine colony foraging. 
In stingless bees, foragers are known to collect salt, water, urine, feces, 
resins, bark, leaves, and mud (Lorenzon and Matrangolo 2005). In honey 
bees, Nakamura and Seeley (2006) found that Apis mellifera foragers per- 
form waggle dances for resin sources deep inside the nest where the resin 
is typically used, thus facilitating resin use and direct sensing of its need by 
collectors. Similar studies in stingless bees would provide useful compara- 
tive information. Like bees, social wasps need to forage for food, water, 
and nest materials (Raveret Richter 2000). 

Olfactory cues and signals can activate foraging. A cue such as food odor 
can reactivate experienced honey bee foragers to visit their former feeding 
site (Reinhard et al. 2004). Whether food odor alone can lead to foraging 
reactivation in other social bees deserves investigation. The bumblebee 
B. terrestris releases tergal gland pheromone during the excitatory 
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movements of a successful returning forager (Dornhaus and Chittka 
2004). One primary function of these movements may be to disperse the 
recruitment pheromone. Recruiting honey bees also produce volatile com- 
pounds, and a synthetic blend of these compounds increased the number 
of bees exiting the hive (Thom et al. 2006). Stingless bees may also use 
intranidal recruitment pheromones, although this awaits experimental ev- 
idence. 

Olfactory cues can also lead to wasp foraging activation. Overmeyer and 
Jeanne (1998) showed that inexperienced Vespula germanica foragers prefer 
to visit feeders with the same scent as that carried back to the nest by suc- 
cessfully foraging nestmates. Foragers based their preference on scent alone 
because the authors eliminated visual local enhancement, unlike previous 
studies. There is no evidence that wasps produce an intranidal recruitment 
pheromone, but no published studies have examined this possibility. 

Forager temperature inside the nest may contribute toward foraging ac- 
tivation. Returning foragers have intranidal thorax temperatures that are 
elevated over ambient air temperature (ATth) and correlate with collected 
sugar concentrations in honey bees (Stabentheiner 2001) and stingless 
bees (Nieh and Sánchez 2005). The function of elevated AT has not been 
determined, but it may keep thoracic flight musculature at higher temper- 
atures and thus facilitate a more rapid return to higher quality food (flight 
facilitation hypothesis). Other testable hypotheses are that it attracts po- 
tential recruits to foragers advertising high quality food (attraction hy- 
pothesis), or enhances the release of food odors or foraging activation 
pheromones (odor signal modulation hypothesis). Research using artifi- 
cially heated bees could help to distinguish between these different hy- 
potheses. Successful B. terrestris foragers returning from a rich sucrose 
solution produce a foraging activation pheromone; the resulting higher 
body temperature could enhance recruitment pheromone release. We do 
not know if this species has elevated intranidal AT,, corresponding to food 
quality; but in B. wilmattae, AT, is correlated with sucrose concentration 
in bees feeding within a foraging arena (Nieh et al. 2006). 

Food carbohydrate levels can also affect wasp thoracic temperatures; for 
example, Paravespula vulgaris foragers increased AT,, when feeding on 
more concentrated sucrose solution (Kovac and Stabentheiner 1999). Cur- 
rently, we do not know if AT, elevation at the feeder persists at the nest 
and is thus a potential foraging cue for either species. This would be worth 
investigation. Moreover, the wasp data suggest that we should also exam- 
ine the effect of pollen protein quality on social bee AT „. Parallel effects 
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may exist in wasps and bees, particularly if thermal hypothesis 1 is correct 
and the primary function of elevated temperatures is not signaling but fa- 
cilitating flight. 

Functionally referential signals occupy a behavioral continuum and are 
defined by two key features: they are stimulus-class specific (specific to the 
environmental information, event, or item being signaled) and context inde- 
pendent (the sender signals and the receiver behaves appropriately without 
the direct presence of what is signaled). Thus the honey bee waggle dance is 
functionally referential because it is (1) specific to the communication of re- 
source location and (2) communicates spatial location and elicits appropriate 
receiver responses without the signaler and receiver being at the communi- 
cated location. In social insects, the information-rich honey bee waggle 
dance dominates the concept of functionally referential communication. Yet 
functionally referential communication, as understood in other animal sys- 
tems, occurs in forms such as predator-specific alarm calls in ground squir- 
rels (Blumstein 1999) and chicken food calls (Evans and Evans 1999). Thus 
the potential encoding of food quality in stingless bee sound pulses (Hrncir, 
Barth, and Tautz 2006) may also be an example of functionally referential 
communication. Researchers could demonstrate this if receivers that do not 
receive a food sample (context independence requirement) respond appro- 
priately to this sound-encoded food quality information. 

In stingless bees, the evidence for functionally referential communica- 
tion is primarily based on correlations between sound pulse duration and 
food distance (Nieh 2004). Direct evidence is required to demonstrate 
functionally referential communication because it is also possible that these 
sounds activate foraging without communicating distance. Functionally ref- 
erential foraging communication has not been found or sought in wasps. 


Local Enhancement 


Local enhancement is the facilitation of learning resulting from an individ- 
ual’s attention being drawn to a locale and then reinforced with a reward 
(Roberts 1941). In social insects, this can occur when the presence of an 
individual high quality food attracts another individual, who thereby ob- 
tains a food reward. Local enhancement is a subset of social facilitation, 
which Wilson (1971) defined as “behavior initiated or increased by the ac- 
tion of another individual.” Olfactory, visual, and acoustic information 
could lead to social insect local enhancement, although studies to date 
have not tested acoustic local enhancement. Local evolutionary enhancement 
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toward visual and olfactory cues and piloting are likely basal evolutionary 
conditions. Odor trail and target only olfactory signaling may have evolved 
subsequently. 

We do not know if local enhancement occurs in solitary bees; I therefore 
focus on social bees. Social insects are champion associative learners when it 
comes to food and local enhancement is thus likely to be more widespread 
than is currently documented. In general, visual local enhancement has been 
neglected in bee research. One exception is provided by Slaa, Wassenberg, 
and Biesmeijer (2003), who reported that newly recruited foragers of the stin- 
gless bee Trigona amalthea exhibited visual local enhancement, approaching 
nestmates on feeders. No studies have yet demonstrated visual local enhance- 
ment in bumblebees, honey bees, or non-corbiculate social bees. 

Unlike bee research, wasp studies have focused more on visual local en- 
hancement. Investigators used odor-extracted posed wasps and controlled 
for olfactory local enhancement by counting choices made in the absence 
of other live foragers. In this study, Vespula germanica, V. consobrina, and 
Polistes fuscatus foragers were attracted to extracted (odor-free) posed 
wasps on feeders or flowers over feeders or flowers without posed wasps. 
In V. maculifrons, attraction was density dependent because foragers were 
attracted to other foragers on a closely spaced feeder, but not to foragers 
on a widely spaced array (Raveret Richter 2000). Similarly, Polybia occi- 
dentalis newcomers were visually attracted to extracted wasp dummies 
placed on a feeder (Hrncir, Mateus, and Nascimento 2007). 

Wasps can be attracted to the visual or olfactory presence of other wasps 
on food. Investigators trapped V. germanica and V. maculifrons foragers in 
pierced clear plastic containers that allowed meat bait and potential for- 
ager odors to escape and found that foragers were attracted to these baits 
over control baits with meat alone (Raveret Richter 2000). Polybia occi- 
dentalis and P. diguetana foragers were attracted to caterpillar baits occu- 
pied by a live forager over an unoccupied bait (Raveret Richter 2000). 
However, V. germanica were not attracted to potential odor marks de- 
posited after 50 or 100 feeder visits (Raveret Richter 2000), therefore we 
do not know if wasps can deposit odors to mark good resources. 

Piloting is a form of local enhancement that can combine vision and ol- 
faction. In social insects, piloting is perhaps the most basal recruitment 
strategy for an individual to lead one or more nestmates to a resource, yet 
it has been difficult to directly demonstrate piloting in flying insects. Honey 
bee scouts use piloting to help guide the swarm to their new home. The 
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swarm relies on the conspicuous visual behavior of a relatively few fast fly- 
ing “streaker” bees. Sealing the Nasanov glands of these guide bees does 
not impair swarm guidance, and thus honey bees evidently use vision, not 
olfaction, in swarm piloting (Beekman, Fathke, and Seeley 2006). Piloting 
has not been found in honey bee food recruitment (Riley et al. 2005). In 
stingless bees, Aguilar, Fonseca, and Biesmeijer (2005) found a close tem- 
poral synchrony in the arrival times of foragers and newcomers (recruits) 
in Trigona corvina and Plebeia tica, evidence that suggests piloting. Odor 
release may facilitate piloting. Kerr (1994) hypothesized that some 
meliponines deposit aerial odor trails, creating an “odor tunnel” as they fly 
to the food source during windless conditions under a dense forest canopy. 
To date, no studies have tested this hypothesis. 

Partial piloting, in which foragers lead nestmates part of the distance to 
the food source rather than the entire distance, may occur accidentally if 
recruits lose track of the recruiter (a potential basal state), but may also be 
a consistent strategy, as is hypothesized for several species of Melipona 
(Kajobe and Echazarreta 2005). To date, no studies have directly demon- 
strated the existence of partial piloting (Nieh 2004), relying instead on in- 
direct evidence that recruiters need some contact with recruits as they 
leave the nest (to communicate direction) and that recruiter and recruits 
often do not arrive in synchrony, as would be expected in complete pi- 
loting. Some form of piloting may exist in wasps, but this remains to be 
tested. As with some stingless bees, Apoica pallens wasps are hypothesized 
to use aerially released pheromones to help guide swarms, but this re- 
mains untested (Howard et al. 2002). 

Target-only odor marking (i.e., odor-marking of the food source alone) 
is widespread among the social bees (Stout and Goulson 2001). I adopt 
this term to distinguish target-only odor marking from odor trails. The 
evolutionary precursor to food odor-marking may lie in nest entrance 
odors that help to orient returning bees. Nest entrance orientation marks 
have been found in solitary bees (Guédot et al. 2006), bumblebees (B. oc- 
cidentalis; Cameron et al. 1999), honey bees (Apis mellifera; von Frisch 
1967), stingless bees (Schmidt, Zucchi, and Barth 2005), and wasps (Vespula 
vulgaris; Butler, Fletcher, and Watler et al. 1969). 

Some stingless bee species (Schmidt, Zucchi, and Barth 2005) and bum- 
blebees (in foraging arenas; Schmitt, Liibke, and Franke 1991) can deposit 
attractive target-only odor marks by walking. In certain species, these “foot- 
print” odor marks may be odor cues (cuticular hydrocarbons) or odor signals 
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that are not specific to food. For example, the stingless bee Nannotrigona | 
testaceicornis deposits attractive olfactory compounds by walking on food 
sources. These compounds are equally attractive as those deposited by bees 
walking at the nest entrance (Schmidt, Zucchi, and Barth 2005). On natural 
flowers, Eltz (2006) demonstrated that Bombus pascuorum foragers de- 
posited lipid footprints with the same composition as cuticular hydrocarbons 
found on other parts of the foragers’ bodies. Similarly, wasp foragers (Vespa 
crabro and Vespula vulgaris) can deposit cuticular hydrocarbons to create an 
intranidal orientation trail (Steinmetz, Sieben, and Schmoltz 2002). 

Target-only odor marks deposited on food can also be aversive, marking 
food sources that have been depleted and should thus be avoided (Stout 
and Goulson 2001). Xylocopa virginica texana (carpenter bee) foragers vis- 
iting passion flowers deposited repellant chemical marks on depleted flow- 
ers (Frankie and Vinson 1977). Recently, Saleh and Chittka (2006) have 
shown that foragers can learn to positively or negatively associate these bee- 
deposited odors with rewarding or unrewarding flowers, respectively. Thus, 
the same odor can act as an attractant or a repellant. Depositing cuticular 
hydrocarbons may be an inevitable consequence of multiple visitations to a 
rewarding food source. It would not be surprising if several species of stin- 
gless bees and bumblebees were able to associate food quality (handling 
time, sugar quality, and travel cost) with tarsal deposits of cuticular hydro- 
carbons. The ability of bees to learn associatively can enhance the flexibility 
of their behavioral repertoire without necessitating the evolution of specific 
olfactory foraging signals. Cues can sometimes be sufficient. 

Odor trails are a form of local enhancement because they draw a re- 
cruit’s attention to a rewarding location. In many cases, odor trails are ob- 
servationally associated with some degree of piloting (stingless bees, Nieh 
2004; wasps, Jeanne 1981). Some stingless bee species can produce an 
odor trail consisting of odor droplets deposited a few meters apart on veg- 
etation between a feeder and the nest, even up a vertical substrate such as 
a tower. Some meliponine species also deposit partial odor trails consisting 
of odor marks deposited in decreasing spatial density extending from the 
feeder in the direction of the nest, but not the entire distance to the nest 
(Nieh 2004). In at least two meliponine species, these partial odor trails are 
polarized, allowing foragers who enter the odor trail to determine the cor- 
rect endpoint (the food source) without first traveling to one of the end- 
points. Stingless bees deposit these odor trails by briefly landing, often on 
the edge of leaf or twig, and rubbing their mandibles against the substrate. 
Schorkopf et al. (2007) showed that this odor trail is composed of labial 
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gland secretions in Trigona recursa. To date, odor trail studies have inves- 
tigated only recruitment to nectar sources, although meliponine odor trails 
may also indicate resources such as pollen, resin, and building materials. 

Bumblebee (B. terrestris) workers deposit short odor trails between the 
nest and the nest entrance (tested in a 100cm diameter foraging arena, 
Cederberg 1977). The Amazonian bumblebee, B. transversalis, clears short 
trails (2-3 m) that extend from the nest and facilitate nest material gather- 
ing. Foragers followed the trail by keeping their antennae just above the 
substrate surface and crawling forward, moving in a sinusoidal fashion. 
This is reminiscent of how ants follow odor trails. Such a trail may be use- 
ful in nature when foragers negotiate obstacles to find the entrances of 
their subterranean nests. It is not known if these trails are odor-marked 
(Cameron et al. 1999). B. impatiens foragers also deposited odor trails 
within a foraging arena and were able to use these trails, in darkness, to 
walk to food sources (Chittka et al. 1999). Similarly, Steinmetz et al. re- 
ported that wasp foragers (Vespa crabro and Vespula vulgaris) can use 
odor trails to navigate through dark entrance tunnels within the nest. As in 
some stingless bees (Schmidt, Zucchi, and Barth 2005), these intranidal 
wasp odor trails may consist of cuticular hydrocarbons deposited by walk- 
ing foragers (Steinmetz, Sieben, and Schmoltz 2002). 

Some wasp species use odor trails to guide swarms or to assist orienta- 
tion within nest cavities. Although odor trails are not known to be involved 
in wasp foraging (Raveret Richter 2000), foraging in many tropical species 
with large colonies (and thus a potential need for mass recruitment) re- 
mains to be studied. Moreover, the similarities between how wasps and 
stingless bees deposit odor trails are fascinating, because flying insects 
must confront the same problems of how to deposit and orient toward an 
odor trail that consists of small odor deposits widely spaced. 

Substrate-deposited exocrine gland secretions are involved in the for- 
mation of some wasp swarm clusters and in the subsequent guidance of 
the swarm to a new location. Swarming Polybia sericea adults dragged 
their gasters over leaves and other substrates around the swarm cluster, 
depositing a substance similar in odor to an exocrine gland at the base of 
the fifth gastric sternite. Only wasps in a swarming behavioral state were 
attracted to extracts of this gland when it was smeared onto filter papers 
(Jeanne 1981). We do not know if wasp trails are polarized. Brazilian Syn- 
oeca septentrionalis wasp workers chewed and licked leaves on swarm 
routes (Jeanne, Downing, and Post 1983), a behavior with clear similarities 
to meliponine odor-trail marking (Schorkopf et al. 2007). Given that 
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swarm founding evolved four separate times in the Vespidae, abdominal 
rubbing to mark the route to a new nest is widespread and has evolved in- 
dependently multiple times (Smith, O’Donnell, and Jeanne 2002). 


Ritualization of Excitatory Movements and Sounds 


Esch (1967) proposed that the honey bee waggle dance may be a ritualized 
representation of the outbound and inbound flights of a forager to a food 
source outside the nest. I would add the possibility that these circular mo- 

tions, found in honey bees and stingless bees, evolved from the ritualization 
of the cycle of entry, unloading, and exit within the nest. In the honey bee 
round dance and waggle dance and in the semicircular spins executed by for- 
agers of some stingless bee species, one may see the generalized looping mo- 
tion of the forager entering, unloading, and then exiting the nest (Figure 12.1). 
In addition, exiting acoustic cues from the flight departure sound or from 
pre-flight warm-up sounds (von Frisch 1967) may have evolved into signals. 
For example, recruiting M. panamica foragers return through the narrow 
nest entrance facing away from the entrance, and then must turn toward it 
to exit, all the while producing loud buzzing sounds (Nieh 2004). The repe- 
tition of these motions and sounds may have been ritualized into the spin- 
ning recruitment motions and buzzes found in some social bees. 

More generally, this hypothesis could be extended to the evolution of 
non-referential excitatory motions in bees and wasps. At the most basic 
level, a forager of a social bee or wasp colony returns to the nest, unloads 
her food, and then returns to gather more food, thus describing some form 
of loop at the nest. Agitation and excitement upon the return of a successful 
forager is thought, in many cases, to be expressed through various running, 
spinning, and zigzag motions inside the nest (von Frisch 1967). Contact 
with nestmates, perhaps initially through trophallaxis, or even accidentally 


Figure 12.1. Recruitment communication movements of highly social bees inside 
the nest. Signal sender is indicated with a star and is surrounded by signal 
receiverts. A: Honey bee waggle dance (movement pattern shown in inset). 
B:Stingless bee (Melipona panamica) dance phase (movement shown in inset). 
In both cases, the signal sender is shown just before she is about to turn. In 
both species, the signaler is producing sounds by vibrating her wings and thorax 
and is attended by followers (signal receivers, photos by J. Nieh). 
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during this process, may have become ritualized because such contact pro- 
vided increased nestmate exposure to information that good food sources 
can be gathered as well as information about that resource (odor, quality, 
and resource type), thus increasing colony foraging efficiency. 


Conclusions and Future Directions 


In both social bees and social wasps we know that visual local enhancement 
and odor trail communication exist, although odor trails have thus far been 
documented only for swarming, not foraging, in wasps. The convergent 
evolution of food recruitment mechanisms in both groups may be due, in 
part, to the shared characteristics of foraging through flight, colonial life, 
and excellent associative learning. 

The ability to follow a flying forager and the difficulty of leaving a persis- 
tent odor trail in the air give rise to common solutions. Descriptions of pi- 
loting in bees and swarm-following in wasps suggest that slowing flight or 
increasing the conspicuousness of flight behaviors (meliponine zig zag 
flights, Esch 1967) may facilitate following. Moreover, depositing substrate- 
borne odor trails (odor droplets widely spaced each few meters) may en- 
hance piloting. In ants, odor trails may have evolved from tandem-running, 
a form of piloting (H6lldobler and Wilson 1990). Bee and wasp odor trails 
may thus be more derived than piloting behavior, although supporting 
evidence awaits studies on a wider variety of species. 

Colonial life has led to the evolution of sophisticated chemical signaling 
in bees and wasps. Nonetheless, we have yet to fully explore the role of odor 
cues. For example, the activating effect of food odor in bees and wasps may 
have evolved convergently because the association between food odor and 
foraging success is an important field cue, and thus extends easily into the 
nest, where it can cue nestmates to the success of compatriots. We now 
know that cuticular hydrocarbons, which facilitate nest and nestmate recog- 
nition, are also deposited on food and can therefore be learned by foragers 
as cues—guideposts to the rewarding and unrewarding. 

A virtually unexplored area is the role of associative learning in local en- 
hancement. Wasp and bee foragers can easily learn the appearance of 
food. Do they also learn that nestmate presence signals food? Work on rel- 
atively well-studied bee groups such as honey bees and bumblebees has not 
yet examined the role of visual local enhancement, something better doc- 
umented in wasps. On the other hand, very little is known about the possi- 
bility of location-specific recruitment in wasps. Our understanding of the 


Convergent Evolution of Food Recruitment Mechanisms 981 


Table 12.1. Foraging-related information transfer mechanisms in bees and social wasps 


Category Bees Social wasps 
Foraging activation 
Solitary aggregations z ? 
Trophallaxis Halictidae,! Meliponini,’ Mischocyttarini,‘* 
Apini Polistini!* 
Excitatory nest Bombini, Meliponini, Epiponini® (Polybia,° 
behaviors Apini Protopolybia‘) 
Referential communication Meliponini,® Apini P 


Local enhancement 


On resource Meliponini Vespidae, Polistini,* 
Epiponini* 
Piloting Meliponini,® Apini” Vespidae® 
Partial piloting Meliponini P 
Target-only odor marking Xylocopini, Meliponini, 2 
Bombini, Apini 
Partial odor trails Meliponini P 
Complete odor trails Bombini Epiponini,?* Vespidae! 


? Belongs to the subfamily Polistinae (Arévalo et al. 2004) 
1. Not known if this behavior leads to foraging activation. 
2. Not known if this behavior leads to foraging activation, but likely. 
3. Inferred from foraging activation in Polybia occidentalis. 
4. Excitatory behavior observed for successful foragers, but increase in foraging activation not 
documented. 
5. Correlations between the distance to food and recruitment sound pulse duration reported in 
several species (no direct tests). 
6. Indirect evidence. 
7. Only known in the context of swarm guidance. 
8. Likely exists in the context of swarm guidance. 
8. Suggested. 
9. Guidance within the nest and short trails (a few meters) extending from the nest. 
10. Guidance within the nest. 


evolution of recruitment communication would benefit greatly from pur- 
suing these questions. Thus, in many respects, our understanding of social 
wasp and bee foraging activation is at a similar and tantalizingly incom- 
plete stage. 


There are many gaps in our knowledge of social bee and wasp foraging 
(Table 12.1), but I have selected five particular questions that will enhance 
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our understanding of basal and derived recruitment mechanisms. In some 
cases, I have listed suggested study species based on preliminary pub- 
lished observations or biological characteristics of these species. 


1. Is there neighbor foraging activation in nest aggregations of solitary 
bees or wasps? 

2. Do wasps perform excitatory foraging activation behaviors at the nest? 

3. Foraging activation based on the scent of collected food has been 
demonstrated in wasps and bumblebees, and foraging reactivation in 
honey bees. Do foraging activation and reactivation via food scent 
occur in the Halictidae, Meliponini (Frieseomelitta silvestrii, F flavi- 
cornis, and F freiremaiai), or Euglossini (Euglossa townsendi and 
Eulaema nigrita)? 

4. Can some wasp species (Polybia occidentalis, Brachygastra mellifica, B. 
lecheguana, or V. germanica) recruit nestmates to a specific location? If 
so, do they use mechanisms analogous to those known for social bees? 

5. The captivating honey bee waggle dance provides an astonishing ex- 
ample of functionally referential communication. However, do other, 
perhaps less information-rich, examples of functionally referential 
communication such as food quality or alarm signaling exist in bees 
(Melipona panamica, M. quadrifasciata, and M. seminigra) and 
wasps (Polybia occidentalis)? 
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CHAPTER THIRTEEN 


w 


The Organization of Social Foraging in Ants: 


Energetics and Communication 


FLAVIO ROCES 


FORAGING IN SOCIAL INSECTS is a complex process that results from 
individual decisions and their integration at the colony level. Even though 
it is tempting to consider a social insect colony as a unit that collectively 
“decides” about, for instance, the selection of a given food source, a 
colony's foraging response ultimately arises from the decisions made by 
each individual worker. Individual foragers are expected to behave so as to 
maximize food delivery at the colony level because we can assume the for- 
aging performance of a colony, measured as the delivery rate of food, cor- 
relates with colony fitness. 

The analysis of individual foraging performance and its extrapolation to 
account for overall colony foraging is complicated by the fact that most of 
the resources collected by each individual worker are not for its own con- 
sumption, but fed to the brood or nestmates, or stored. Put into economic 
terms, the costs and benefits of the foraging decisions of individual work- 
ers are paid for and received by different workers. Moreover, returning 
foragers deliver to the colony two commodities: food and information. 
Workers could conceivably favor the delivery of one of these commodities 
at the expense of the other; that is, workers may spend less time collecting 
at a food source, thus reducing their food delivery rate, but allocate more 
effort to information transfer, promoting recruitment of nestmates and in- 
creasing the performance of the entire colony. 

The trade-off between these two competing decisions—either to spend 
more time at a discovered food source collecting larger loads or to spend 
less time in order to return earlier to the colony and recruit nestmates—is 
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illustrated in Figure 13.1. In one hypothetical extreme, a forager that dis- 
covers a high-reward food source should quickly return to the colony in 
order to deliver the appropriate information without investing time load- 
ing at the food source. At the other extreme, each worker could exploit the 
food source so as to individually maximize its food delivery rate. It is clear 
that when this dual aspect is kept in mind, the optimal policies for deliver- 
ing each of the commodities might be different, and that the maximization 
of information transfer is incompatible with a concomitant maximization 
of food delivery at the level of the individual. 

There is ample evidence that foraging social insects (honey bees, wasps, 
ants) often return to the nest with partial loads (Josens, Farina, and Roces 
1998; Núñez 1966; Pumm 1975; Roces 1990a; Roces and Núñez 1993). 
For “central place foragers,” optimal foraging theory predicts the collection 
of partial loads when animals feed in a patch where intake rate decreases 
with time (for instance, due to resource depression), or when the net yield 
of energy increases at a diminishing rate due to increased foraging costs 


How ants decide about the size of their loads 


Figure 13.1. Upon discovery of an attractive food source, worker decisions are 
expected to be the outcome of a trade-off between two competing decisions: 
either to spend longer times at a discovered food source, thus collecting larger 
loads, or to spend shorter times in order to return earlier to the colony for 
recruitment of nestmates via information transfer. 
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(food search, transport, etc.). When collecting at ad libitum sources, ani- 
mals should load themselves maximally (Orians and Pearson 1979). 

Contrary to this expectation, social insect foragers often return with par- 
tial loads even when collecting food at ad libitum sources, as observed in 
nectar-feeding ants and leaf-cutting ants. This pattern does not match the ex- 
pectations of optimality theory. It seems that social insect workers forage in a 
suboptimal way, at least based on considerations of performance at the level 
of the individual. However, social insect foragers may compromise their in- 
dividual performance to increase colony performance. The extreme strategy 
of time-saving at the source for information transfer is perhaps what we ob- 
serve in leaf-cutting ants when scout workers, upon discovery of a new food 
source, do not start cutting fragments but instead return quickly to the nest, 
laying chemical trails to recruit other nestmates. Workers only start cutting 
leaves when a foraging column has been established (Jaffé and Howse 1979). 

In order to understand the extent to which individual decisions are the 
outcome of a trade-off between these two competing tendencies (i.e., max- 
imizing loading and maximizing information transfer), we need to know 
how workers assess resource characteristics and translate this assessment 
into the decision to continue loading or to return to the nest for informa- 
tion transfer. Worker decisions are also expected to depend on colony sta- 
tus; that is, they do not only influence, but are influenced by the decisions 
of other colony members. 

In this chapter, I explore the rules used by ant workers during food col- 
lection, concentrating on the trade-off between food collection and infor- 
mation transfer. This trade-off is a major factor influencing worker ant 
foraging decisions. I discuss evidence for this hypothesis using ant species 
with disparate foraging ecology: nectar-feeding ants and leaf-cutting ants. 
These ants differ in their criteria for food selection, loading capacity, and 
costs of food acquisition (liquid intake vs. leaf-cutting). Finally, I briefly 
discuss how the empirical work fits into the current framework of foraging 
theory and comment on some shortcomings of the theoretical arguments 
used thus far to understand social insect foraging. 


Nectar-Feeding Ants: When to Leave an Attractive 
Source and Return to the Nest? 


Nectar-feeding ants repeatedly visit renewable resources such as extraflo- 
ral nectaries or aphid colonies, yet the criteria used by workers to evaluate 
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resource quality and the rules used to decide when to leave the patch have 
been only partially identified. Such renewable resources usually offer nec- 
tar at flow rates much lower than the maximal intake rate of individual 
ants. This means that ants have to wait for the nectar to be produced. 
Under such conditions it may be relevant for ants not to spend a long time 
to fill their crops but to stop feeding earlier and return to the nest with par- 
tial nectar loads. Even under ad libitum conditions, workers often return 
to the nest with partially filled crops (Josens and Roces 2000; Mailleux, 
Detrain, and Deneubourg 2000), with the extent of filling being a function 
of food quality (Josens, Farina, and Roces 1998). 

What are the characteristics of the food source that determine the work- 
ers’ decision to stop feeding? In a laboratory study, Schilman and Roces 
(2003) tested whether the nectar flow rate is the decisive parameter control- 
ling foraging decisions. Camponotus rufipes foragers were trained to visit an 
artificial food patch providing 20% sucrose solution either ad libitum or at 
controlled flow rates, varying from 0.118 to 2.36 ul/min. These flow rates 
simulate the conditions faced by workers when visiting plant extrafloral nec- 
taries. Ants adjusted their visit times to the different flow rates, so that the 
time spent at the feeder decreased with increasing nectar flow rates. The 
volume of nectar collected increased with increasing nectar flow rates, and 
workers were observed to return to the nest with partially filled crops. 

To investigate the rules used by ants to decide when to depart from the 
patch, experienced workers (i.e., those that collected nectar at a given flow 
rate over four visits) were confronted in the fifth visit with a depleted 
patch, and the time spent there before leaving was recorded. Ants accus- 
tomed to low nectar flow rates waited at the patch longer than did ants ac- 
customed to higher flow rates. Their waiting times in tests in which the 
patch was depleted was similar to that during training. This suggests that 
ants, like vertebrates, can measure time intervals and, as a departure rule, 
they use an estimate of time that depends on the flow rate previously ex- 
perienced. In addition, the rate of feeding attempts at the depleted patch 
increased with increasing flow rates; that is, it varied as a function of the 
previously experienced nectar flow rate. These results indicate that ant 
workers, much like honeybees, quantitatively assess the nectar flow rate 
(Núñez 1970; Wainselboim, Roces, and Farina 2002), and that they arrive 
at the patch with an expectation about the nectar flow rate. 

Assessment of nectar flow rate implies that individuals have to be able to 
compute the collected volume over the time spent while drinking. Two 
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phenomena underlie behavioral timing in animals: a phase sense, which 
refers to the ability of animals to anticipate events that recur at a fixed time 
of the day, and an interval sense, which refers to the ability to respond at a 
defined time after an event occurred (Gallistel 1990). Temporal learning in 
honey bees (Wahl 1932) and nectar-feeding ants (Harrison and Breed 
1987) demonstrate that insects have a phase sense and can be conditioned 
to search for food at a certain time of the day. There is also experimental 
evidence suggesting an interval sense in honey bees (Farina 2000; Núñez 
1966, 1982; Seeley 1989; Wainselboim, Roces, and Farina 2002, 2003), but 
the mechanisms involved remain unknown. 

Why don’t ants completely fill their crops when collecting nectar pro- 
vided at lower rates? Ants could simply stay longer at the source, fill their 
crops, and maximize their gross energy gain per trip. At the lowest nectar 
flow rate, a medium-sized worker should spend on average one hour to fill 
its crop; however, such a response was never recorded. In some cases, 
Camponotus workers were observed to return to the nest with less than 20% 
of their maximal crop capacity. Considering the low costs of load carrying 
(Schilman and Roces 2005, 2006), it seems unlikely that returning to the 
nest with a partially-filled crop results from minimizing transport costs and 
thereby maximizing energy returns during foraging, as suggested for forag- 
ing honey bees (Moffatt 2000; Schmid-Hempel, Kacelnik, and Houston 
1985; Varjú and Núñez 1991). It is important to note that partially-loaded 
workers do not give up the source, because they return to it after unload- 
ing the nectar at the nest, and lay chemical trails along their way. The 
question of whether the observed partial loading in Camponotus ants con- 
tributes to an increase in the rate of information exchange at the nest (ie., 
giving information about the exploited source or receiving information 
about alternative ones) remains to be investigated. 

How is the assessment of nectar availability translated into communica- 
tion signals? Recent studies on Lasius niger investigated the criteria used 
by ants to assess the amount of nectar available, as well as the rules gov- 
erning their decision to lay a recruitment trail (Mailleux, Deneubourg, and 
Detrain 2000, 2003; Mailleux, Detrain, and Deneubourg 2005). When 
scouts discovered nectar droplets with volumes exceeding the capacity of 
their crop, most of them collected maximal crop loads and immediately re- 
turned to the nest laying a recruitment trail. In contrast, when smaller nec- 
tar droplets were encountered, several scouts ingested the amount found 
and continued exploring the area for additional nectar. If unsuccessful, 
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they returned to the nest without laying a trail. It appears that the key cri- 
terion that regulates recruitment behavior of scouts is their ability to ingest 
their own “desired” volume, which acts as a threshold triggering trail- 
laying, and is an all-or-non response. 

In these investigations, workers found either nectar droplets of different 
volumes or nectar that needed to be sucked through a cotton-wool cork in- 
serted in a capillary. This latter manipulation made the nectar harder to 
collect and resulted in longer drinking times (5 minutes on average). How- 
ever, workers collected the same nectar loads as they did at ad libitum nec- 
tar droplets, suggesting that such sources were treated by ants, despite 
their increased feeding times, as unlimited patches. If this argument is cor- 
rect, the results of Mailleux and colleagues (2003) are not in conflict with 
our results on partial crop-filling in Camponotus ants (Josens, Farina, and 
Roces 1998; Josens and Roces 2000; Schilman and Roces 2003, 2006), but 
may correspond to conditions that, while occurring in nature, do not in- 
clude low rates of nectar production as they occur in plant extrafloral nec- 
taries (Dreisig 2000). It is for this low range of nectar production that a 
compromise between spending time for further loading or returning to the 
nest for information should be expected. Regrettably, no such studies have 
been done to date on nectar-feeding ants combining controlled rates of 
nectar availability and analysis of recruitment behavior. The pioneer stud- 
ies on honey bees which used controlled rates of nectar flow (Núñez 1970, 
1971; Núñez and Giurfa 1996) and a relatively straightforward way to 
quantify crop loads and information exchange in honey bees (via dance- 
behavior, food transfer, and begging behavior) might inspire comparative 
research on nectar-feeding behavior in ants and provide new insights 
about the organization of collective foraging in social insects in general. 


Leaf-Cutting Ants: Individual Cutting Rules 
and Information Transfer 


Leaf-cutting ants are the dominant herbivores in the neotropics. They cut 
vegetation into small fragments, which they transport to the nest, on which 
the ants rear a symbiotic fungus. The fungus garden represents the sole 
food source of the developing brood. Adult workers obtain a large propor- 
tion (more than 90%) of their energy requirements from the plant sap of 
the harvested material. Since the harvested leaf fragments are incorpo- 
rated into the fungus garden and not directly consumed by the workers, it 
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is conceivable that ants’ plant preferences are driven in part by the re- 
quirements of the fungus. On the one hand, ant workers may prefer plants 
that support maximal rates of fungus growth, more or less irrespective of 
the attractiveness of the plant sap being imbibed during the harvesting 
process. On the other hand, workers may decide about the quality of a 
given resource based on the immediate availability of energy to support 
their foraging activity. 

Leaf-cutting ants appear to be well suited to explore the rules underly- 
ing the organization of collective foraging. At the individual level, research 
has focused on the rules workers use to decide about the size of the leaf 
fragment to be cut (reviewed by Roces 2002). At the colony level, a num- 
ber of studies have provided detailed information about plant selection 
and foraging activity of colonies in the field (e.g., Howard 1988), and hy- 
potheses have been developed for the evolution of foraging decisions 
(Burd and Howard 2005a, 2005b). 

While foraging, scout workers from a leaf-cutting ant colony search for 
suitable resources and, upon discovery, decide whether a given resource is 
worth communicating to other nestmates or not. The acceptance of a plant 
is mainly based on chemical and physical features of its leaves. If the 
source is attractive, workers may decide to lay a chemical trail while re- 
turning to the nest, or to cut a fragment and carry it back to the nest. It has 
been observed repeatedly that polymorphic leaf-cutting ant foragers fre- 
quently harvest leaf pieces that correlate in mass to that of the foraging in- 
dividual (Lutz 1929). This correlation is probably a result of the geometric 
method of leaf cutting. Workers anchor on the leaf edge by their hind legs 
and pivot around them while cutting arcs out of the leaves. Therefore, the 
load-size is determined by a fixed reach of an individual and dependent on 
worker body size. However, not all workers cut fragments of maximal size, 
suggesting a more flexible mechanism of load-size determination in leaf- 
cutting ants. 

That foraging workers indeed use flexible rules during cutting is nicely 
illustrated with the following observations. It is known that there is a neg- 
ative correlation between leaf area density (leaf mass/leaf area) and the 
size of the harvested fragment (Roces 2002); that is, the harder the leaf, 
the smaller the fragment cut. This pattern arises from the worker's deci- 
sion about the cutting angles to be described after assessment of the leaf 
resistance. Figure 13.2 shows a worker of the leaf-cutting ant Atta sexdens 
cutting a pseudoleaf of Parafilm arranged as follows. The worker has first 
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to cut along a 3mm-wide margin of one-layered Parafilm, then along a 
two-layered one, and finally, when approaching again the boundary be- 
tween the different layers, along a one-layered Parafilm again (Figure 
13.2A). The resistance of a single Parafilm layer corresponds to that of a 
tender leaf, while the two-layered Parafilm stands for a harder (thicker) 
leaf. The ant started with the usual cutting trajectory, describing an 
ample arc as expected for tender leaves. However, it severed the two- 
layered pseudoleaf with a sharper angle, as expected for harder leaves 
(Figure 13.2B), thus not following the initial cutting trajectory (dotted line 
in Figure 13.2). Particularly interesting is the point at which the ant again 
reached the one-layered pseudoleaf. Instead of cutting straight ahead to 
finish the cut (Figure 13.2C), it continued cutting (following an unex- 
pected convex trajectory), and after a final turn severed the fragment (Fig- 
ure 13.2D). 


Figure 13.2. Flexible cutting rules used by leaf-cutting ant workers (Atta sexdens). 
The ant cuts a pseudoleaf of Parafilm, composed of a 3mm-wide margin of one 
layer, and a central two-layered Parafilm. The dotted line indicates the cutting 
trajectory expected for one-layered Parafilm (Photos by H. Heilmann). 
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Do leaf-cutting ant workers use versions of flexible cutting rules to 
trade-off loading for information transfer, as previously discussed for 
nectar-feeding ants? The extent to which the decision to transfer informa- 
tion about a food discovery influences individual cutting behavior was an- 
alyzed under controlled experimental conditions (Roces 1993; Roces and 
Núñez 1993). The rationale of the experimental approach was as follows: 
in independent assays, scout workers of the leaf-cutting ant Acromyrmex 
lundi were first exposed to droplets of scented sugar solution of either of 
two concentrations: 1% or 10% sucrose. Scouts detected these droplets 
and returned to the colony, leaving a chemical recruiting trail. When the 
recruited workers arrived, they encountered not sugar solution, but sheets 
of Parafilm impregnated with the same scent yet containing no sugar. Since 
all recruited workers found the same standardized material (Parafilm as a 
pseudoleaf), differences in cutting behavior among workers initially re- 
cruited to either 1% or 10% sucrose must be the result of the information 
transmitted by the scout worker that initially found the sugar solution. 

Several behavioral parameters of the recruited workers were observed 
to depend on the information about food quality they received from a 
single recruiting scout. Workers recruited by scouts that found 10% su- 
crose are referred to as “10%-workers,” and those recruited by scouts that 
found 1% sucrose as “1%-workers,” but it should remain clear that both 
groups encountered a sugar-free pseudoleaf at the source. It was observed 
that 10%-workers cut smaller fragments of Parafilm, returned to the nest 
at higher velocities, and displayed more active recruiting behavior (by lay- 
ing chemical trails) than 1%-workers. In another experiment, recruited 
workers could only collect small pieces of paper of the same size. They still 
traveled at a faster pace if they had been recruited by 10%-scouts, indicat- 
ing that the differences in speed were not caused by differences in loading. 
Greater velocity did not compensate for the reduction in fragment size: 
10%-workers, despite their higher velocity, showed a lower delivery rate to 
the nest than 1%-workers (Roces and Núñez, 1993). 

These results contradicted the most obvious functional hypotheses and 
led to a vivid discussion (Clark 1994; Kacelnik 1993; Roces 1994a; Yden- 
berg and Schmid-Hempel 1994). It was first surprising that workers cut 
fragments of different size, since all found a similar source (Parafilm). 
Moreover, a single Parafilm-leaf represents a non-depleting patch for the 
individual ant, and animals should load themselves maximally when col- 
lecting at ad libitum sources (Orians and Pearson 1979). But particularly 
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puzzling was the observation that workers recruited to 10%-sucrose, the 
more attractive source, cut smaller fragments than workers recruited to 
the less-attractive source. 


The Information-Transfer Hypothesis 


Roces and Núñez (1993) advanced a hypothesis to account for these a pri- 
ori unexpected results. It was called the “information-transfer hypothesis” 
and it was based on the original hypothesis that Núñez (1982) developed 
to explain partial crop-filling and seemingly suboptimal foraging behavior 
in honey bees. The information-transfer hypothesis states that a newly dis- 
covered food source motivates a worker to shorten its loading time and re- 
turn not completely filled/loaded to the nest in order to recruit additional 
nestmates. A worker seems, therefore, to sacrifice its individual delivery 
rate in order to return earlier to the colony for further recruitment. Its per- 
formance as a food collector is therefore reduced, but the colony as a 
whole, which represents the level at which natural selection in eusocial in- 
sects predominantly takes place, increases its harvesting rate due to the re- 
cruited workers that participate in the resource-gathering activity. This 
hypothesis was consistent with the higher travel speed and the reduced 
leaf fragment size in 10%-workers. By cutting smaller fragments, 10%- 
workers saved cutting time and by increasing speed they saved travel time. 
This hypothesis could also explain the more intense trail-marking behavior 
observed in 10%-workers. 

Further support for the information-transfer hypothesis was obtained 
by analyzing the behavior of recruited workers in more detail, specifically 
addressing the changes in worker responses after the perception of re- 
cruitment signals (Roces 1993). The behavioral responses of recruited 
workers have rarely been investigated in ants (Beckers, Deneubourg, and 
Goss 1992), despite the fact that they are responsible for the amplification 
and establishment of a recruitment process. In laboratory experiments, 
attention has been centered on the behavior of recruited workers that 
found a standardized resource after being recruited to sugar solutions of 
different quality, as follows. Acromyrmex lundi scout workers were first 
exposed to droplets of scented sucrose solution of different concentra- 
tions. Once at the source, recruited workers encountered, not sugar solu- 
tion, but standardized paper discs impregnated with the same scent. 
Paper discs were either untreated or had sugar added in order to increase 
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their quality. Comparison between assays using untreated and sugar- 
coated discs of the same weight allowed a distinction between workers’ 
responses based on the information they obtained during recruitment 
(which was similar for workers recruited to a given sucrose solution), 
and those that resulted from their actual evaluation of the disc quality 
(untreated or sugared disc). 

Several effects of the information about resource quality transferred by 
a single scout ant were observed in the behavioral responses of recruited 
workers. First, the running speed of a recruited worker to the feeding site 
and the speed carrying a paper disc back to the colony were positively cor- 
related with the concentration of the sucrose solution that the initial scout 
found. In other words, travel speed of recruited workers to and from the 
nest depended on the information about resource quality they received 
during recruitment. As intuitively expected, disc-laden workers ran slower 
than outbound workers. This reduction in speed, however, could not be at- 
tributed to the effects of the load itself, since workers collecting discs of 
the same weight, but with sugar added, ran at the same speed as outbound, 
unladen workers. 

Second, workers collecting sugared discs were observed to reinforce the 
chemical trail on their way to the nest. The percentage of trail-layers was 
higher when workers were recruited to the 10% sugar solution than to the 
1% solution, although the collected discs were identical. These facts indi- 
cate that the workers’ own evaluation of resource quality, exhibited as 
trail-reinforcement, was not absolute and depended on the perception of 
recruitment signals. This information-dependent assessment of resource 
quality was evident when the workers’ running speed was considered. The 
observed reduction in speed after the collection of a non-sugared disc sug- 
gests that workers, through the information received during recruitment, 
may have expected to find a resource of satisfactory quality, and that their 
expectation was not fulfilled. They were willing to collect the non-sugared 
discs, but were reluctant to reinforce the chemical trail. Third, the load it- 
self had no effect on velocity because workers collecting sugared discs of 
the same weight showed no reduction in velocity, and trail reinforcement 
occurred (Roces 1993). 

Why do recruited workers run faster when they have been informed 
about a richer source? The adaptive value of this response might be re- 
lated to a rapid transmission of information about the newly discovered 
food source since it allows a faster build-up of workers. At the initial 
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phases of trail development, saving time would be of great importance in 
order to monopolize a food source as soon as possible. The evaluation of 
resource quality by recruited workers and, therefore, the probability of 
reinforcing the chemical trail are, in part, dependent on the information 
they receive; that is, recruits seem to partially rely on the decisions of 
the first successful ants to amplify a recruitment process. As mentioned 
above, Acromyrmex lundi workers recruited to rich sources cut smaller 
fragments than those recruited to poorer ones, although both groups 
found the same standardized pseudoleaf at the source. Recruits’ decisions 
appear to be “channeled” by those of scouts, and it is an open question as 
to whether this non-democratic decision-making system (Jaffé and Ville- 
gas 1985) may be related to both the complexity of food assessment by 
leaf-cutting ants and the need for rapid responses to monopolize newly 
discovered sources. 

Such complexity in individual decision making indeed affects the devel- 
opment of colony-level foraging patterns, as demonstrated under con- 
trolled laboratory conditions by comparing the foraging behavior of 
satiated versus harvesting-deprived, “hungry” workers (Roces and Höll- 
dobler 1994). Harvesting-deprived workers cut smaller leaf fragments 
than satiated workers, a fact that appears counterintuitive at the individual 
level. They also showed higher recruitment rates than satiated workers. 
The harvesting of small fragments was observed only during the initial 
phases of the recruitment process, when information about the discovery 
needs to be transferred, indicating that workers traded off carrying perfor- 
mance for information transfer. 


Leaf-Cutting Ants: Cooperative Load Transport 
and Information Flow 


In several leaf-cutting ant species, the leaf fragments are not carried to the 
nest by the workers that cut them. The harvested fragments may be 
dropped to the ground or initially transported a short distance and then 
dropped or passed to other nestmates for further carriage. This phenome- 
non has been named the transport chain. Considerations about optimal 
foraging strategies can, therefore, go beyond the focus on flexible cutting 
rules, as discussed above, to encompass the adaptive value of such sequen- 
tial cooperation for food carriage. The existence of transport chains in leaf- 
cutting ants was first described for Atta sexdens rubropilosa and Atta 
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cephalotes (Fowler and Robinson 1979; Hubbell et al. 1980). More re- 
cently, transport chains were reported in Atta colombica, in which approx- 
imately 20% of the harvested fragments are transported in that way 
(Anderson and Jadin 2001; Hart and Ratnieks 2001). 

The adaptive value of the formation of transport chains was investigated 
in grass-cutting ants, Atta vollenweideri. The complete foraging process 
can be easily analyzed in this ground-foraging species (Réschard and 
Roces 2003a, 2003b). It was observed that on long foraging trails, more 
than half of the fragments were transported by chains; besides the cutter, 
generally two or three carriers transported the load sequentially. 

The kind of decisions workers face when harvesting grasses is summa- 
rized in Figure 13.3. First, cutters decide about the size (length) of the 
grass blade to be cut. This aspect has not been investigated so far. Second, 
carriers decide whether the carried fragment should be dropped or car- 
ried further to the nest. It remains unclear what variables motivate work- 
ers to drop their fragments, leading to the formation of transport chains. 
Ants might decide to drop fragments that are not sufficiently attractive, 
thus rejecting them. But since all dropped fragments are retrieved again, 
this appears to be very unlikely. Dropping might occur because of a mis- 
match between body and fragment size (i.e., either the carrier is too small 


Transport chains in foraging grass-cutting ants 
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Figure 13.3. Instances of decision making during harvesting and the formation 
of transport chains in grass-cutting ants (Atta vollenweideri). 
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for the fragment or the fragment too large to be carried). This seems 
plausible when the detrimental effects of large loads on transport rates 
are taken into account (Réschard and Roces 2002). In fact, sequential 
transport via transport chains in Atta vollenweideri leads to a slightly bet- 
ter size-matching between worker and load, which suggests that the for- 
mation of transport chains might improve the delivery rate of the 
involved fragments. Finally, transport chains may be formed to improve 
information transfer along the trail because more workers will be in- 
formed about the kind of resource being harvested either by direct trans- 
fers or upon finding a dropped fragment on the trail. Due to new 
recruitment, improved information transfer may lead to an increased 
overall rate of resource transportation. Based on this information-transfer 
hypothesis, the behavioral response of transferring fragments, either di- 
rectly or indirectly, may have been selected for because it has positive ef- 
fects on the information flow. 


Transport Chains: Maximization of Leaf Delivery Rate? 


Fragment dropping may allow cutters to quickly return to the selected 
plant for further harvesting. While this argument may account for the 
dropping behavior of cutters, why do carriers drop the fragments once 
more and walk back toward the source? Is the sequential transport via a 
transport chain faster than the transport by single carriers, thus enhancing 
colony-wide material intake rates? For the sake of simplicity, I would like 
to term these arguments as the “economic-transport hypothesis.” It should 
be noted that economic in this context refers to the maximization of the 
transportation speed of a leaf fragment (Lutz 1929), which at the colony 
level may result in an increased overall rate of resource transportation. 
Maximization of leaf transportation has been proposed as a foraging crite- 
rion for workers of three leaf-cutting ant species that transfer loads or 
cache fragments on the ground (Anderson and Jadin 2001; Fowler and 
Robinson 1979; Hubbell et al. 1980). Direct leaf transfer between Atta 
colombica workers, which occurs for only 9% of the transported fragments, 
resulted in a higher transportation speed after transfer, although the trans- 
ferred fragments did not travel faster than those not transferred because of 
the transfer delays (Anderson and Jadin 2001). In another study on the 
same species, however, fragments recovered from a cache were trans- 
ported back to the nest more slowly than normally foraged leaf fragments 
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(Hart and Ratnieks 2001), so that the adaptive value of such response re- 
mains obscure. In Atta vollenweideri, transport time of fragments carried 
by a chain was 25% longer (on average 8 minutes longer) than that of frag- 
ments carried by a single worker all the way to the nest. This was due pri- 
marily to both the waiting time of the dropped fragments and the handling 
time by the subsequent foragers. Thus, in terms of foraging time and ma- 
terial transport rates, sequential transport by chains was less efficient than 
transport by single carriers (Réschard and Roces 2003a). 


Transport Chains: Improved Information Transfer? 


Do transport chains at least accelerate the transfer of information about 
the plant species actually harvested, even if they do not increase transport 
rate? Several processes may contribute to the acceleration of information 
transfer and to the rapid build-up of worker numbers at the discovered 
source. First, fragment dropping after a given distance may allow cutting 
workers to quickly go back to the harvesting plant, making it easier for 
them to find the source again by following the freshly deposited pheromone 
trail (Fowler and Robinson 1979; Hubbell et al. 1980). Second, moving 
along a short trail sector during foraging may enable workers to locally re- 
inforce the pheromonal marking better than when walking all the way to 
the nest. Third, fragments dropped on the trail may act as “signal posts.” It 
has been shown that leaf-cutting ant foragers learn the odors of the har- 
vested resources and that worker responses at the patch depend on what 
nestmates are currently transporting on the trail (Howard et al. 1996; 
Roces 1990b, 1994b). The odor of the fragment on the trail might function 
as a stimulus for olfactory learning. Most foragers were observed to anten- 
nate the dropped fragments they found, even those workers that contin- 
ued on their way to the cutting site without loads. Thus, outgoing foragers 
may obtain information about the harvested resources both by contacting 
laden nestmates along the trail or by finding a dropped fragment on the 
trail. This information may lead outgoing workers to search for a particular 
plant species, thus leading workers from the trail to the new plant. 

The predictions of the two competing hypotheses discussed above were 
tested in a field study (Réschard 2002). The economic-transport hypothe- 
sis predicts that workers transfer fragments because of a mismatch be- 
tween load size and body size, making transport therefore inefficient. As a 
consequence, the probability of occurrence of transport chains would be 
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expected to depend on fragment size and not on fragment quality. The 
probability should be higher for larger fragments that are difficult to carry. 
Alternatively, the information-transfer hypothesis states that the behav- 
ioral response of transferring fragments has been selected for because of 
its positive effect on the information flow. By dropping the load, a worker 
may be able to return earlier to the foraging site, which would reinforce 
the chemical trail, and thus enhance recruitment. In addition, the trans- 
ferred fragments could themselves act as cues, giving information about 
the plant that is worth harvesting. This hypothesis predicts that the forma- 
tion of transport chains should strongly depend on fragment quality and 
not on fragment size. 

To distinguish between these alternatives, workers from a field colony 
were presented with standardized paper fragments that differed either in 
size or in quality (sugared vs. tannin-rich fragments). The occurrence of 
transport chains was quantified by following individually-marked grass 
fragments all the way to the nest. Results demonstrated that neither an in- 
crease in fragment mass nor in fragment length modifies the probability of 
occurrence of transport chains. In addition, transport time by transport 
chains took longer than by a single carrier. The frequency of occurrence of 
transport chains increased with increasing fragment quality, however, in- 
dependent of the fragment’s size. In addition, high-quality fragments were 
transferred after shorter distances than less attractive ones (i.e., attractive 
loads were dropped more frequently and after a shorter distance). Taken 
together, these results strongly suggest that transport chains increase the 
information flow at the colony level rather than the economic load carriage 
at the individual level. 


Conclusions and Future Directions 


The first quantitative studies investigating partial loading in social insect 
foragers were done in honeybees (Núñez 1966, 1970, 1971, 1982). These 
investigations led to the formulation of the information-transfer hypoth- 
esis, which argues that returning earlier to the nest (with partial loads) 
would increase the probability of information exchange. The relevant 
behavioral evidence was easily observable and quantifiable in honey 
bees because besides the conspicuous dancing (information transfer), 
getting information was evident in the forager’s begging behavior (Núñez 
1970). 
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An alternative hypothesis to account for partial loading in honey bees 
was developed in the framework of optimal foraging theory, using Nufiez’s 
published data (Kacelnik, Houston, and Schmid-Hempel 1986; Schmid- 
Hempel, Kacelnik, and Houston 1985). Surprisingly, the authors explicitly 
ignored any reference to information and recruitment, and modeled honey 
bee foraging responses based exclusively on individual optimization crite- 
ria, arguing that honeybees maximize individual efficiency by not filling 
their crops. A key argument in these models was the assumption that, be- 
cause of the large energy costs of flying among flowers while foraging, honey 
bees experience diminishing returns as they load a fuller crop. However, 
energetic measurements of locomotion and load carriage in honey bees did 
not clearly support this assumption (Balderrama, Almeida de Balderrama, 
and Núñez 1992; Moffatt 2000; Moffatt and Núñez 1997). For nectar- 
feeding ants, which also often return with partial loads, the costs of load 
carriage were observed to be relatively low (Fewell 1988; Fewell et al. 
1996; Schilman and Roces 2005, 2006), suggesting that time, and not en- 
ergy costs, may underlie the selection of partial crop loads. 

To date, central-place foraging theory has been unable to provide a com- 
pelling explanation for the occurrence of partial loading in foraging social 
insects. The first models discussed foragers’ decisions in terms of energetic 
considerations at the individual level, without any reference to information 
exchange. There is quantitative evidence for honeybees as well as for leaf- 
cutting ants regarding the relevance of information transfer for workers’ 
foraging behavior, although other processes, such as the interactions be- 
tween above-ground and below-ground foragers, may have contributed to 
the evolution of load-size determination in ants (Burd and Howard 2005a, 
2005b). Experimental data on flexible load-size determination and informa- 
tion transfer in leaf-cutting ants (Roces and Núñez, 1993) called renewed 
attention to the issue of partial loading in foraging social insects, and al- 
though not formalized in a model, the role of information transfer in modu- 
lating foragers’ responses was then explicitly acknowledged in theoretical 
accounts (Kacelnik 1993; Ydenberg and Schmid-Hempel 1994). It is, there- 
fore, surprising that more than 20 years after the development of the first 
model discussing partial crop-filling in honey bees, which was based on 
central-place foraging theory (Schmid-Hempel, Kacelnik, and Houston 
1985), more recent models asking the same question restricted their focus 
to the benefits of partial crop loads, and the resulting time-savings it might 
confer in terms of collecting information (Dornhaus et al. 2006), and omitted 


306 Communication 


analysis of the benefits that partial crop loads might provide in terms of ear- 
lier information transfer, for example via dance behavior. 

These considerations show that we are far from understanding the regu- 
lation of foraging behavior. As a consequence, empiricists interested in so- 
cial insect foraging are encouraged to design and perform experiments 
focusing on the precise mechanisms underlying individual decision mak- 
ing and social communication. Theorists should develop models that, 
based on empirical results, have heuristic value and suggest ways to test 
their predictions. Both empiricists and theorists are invited to rise to the 
challenge of integrating theoretical arguments with empirical research. 
Considering the bulk of information on foraging social insects that already 
exists, it seems a promising and rewarding endeavor. 
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Neurogenetic Basis of Social Behavior 


ROBERT E. PAGE JR. 


HOW DO INSECT SOCIETIES evolve? The evolutionary process requires that 
alternative alleles at gene loci located within the cells of sometimes- 
sterile individuals (workers) change in frequency as a consequence of 
colony-level selection for organization of a colony with respect to division 
of labor. But the effects of alternative alleles of individual genes must act 
across many levels of biological organization including gene and protein 
interactions (epistasis), gene and protein signaling within and between 
cells, development, neural physiology and anatomy, and stimulus response 
systems that integrate the behavior of individuals cohabiting a nest. The 
evolution of changes at these levels must occur against a functional back- 
ground with origins in solitary living and must effect developmental 
changes against that background. Bert Hélldobler has spent his life study- 
ing the complex social structure of ants. His elegant behavioral and 
anatomical studies have fascinated us with the diverse social patterns of 
ants and the incredible anatomical and physiological adaptations that ac- 
company them. The powerful effects of colony-level selection on sterile 
castes are replete throughout his major work, The Ants, and raise ques- 
tions of what are social traits, can we find signatures of their evolution in 
developmental patterns of the individuals that comprise the social units, 
and can we reconstruct the evolution of complex social traits from the 
gene to the society? 

The authors of the five chapters in this section examine the mechanisms 
of social organization across levels of organization from genes through neu- 
roanatomy and physiology. In Chapter 14, Jiirgen Gadau and Greg Hunt 
discuss the genetic architectures underlying social traits and argue for the 
need to study the genetic basis and regulation of behavior that results in 
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reproductive and nonreproductive life histories. They also make an appeal 
for comparative studies with less advanced social species and between so- 
cial and solitary species that are closely related, as well as comparative 
studies across greater phylogenetic distances. In Chapter 16, however, 
Robert Page, Timothy Linksvayer, and Gro Amdam, argue that the signa- 
tures of the history of social evolution can be found by studying develop- 
ment in highly social species. They propose an explanation for the 
evolution of division of labor that is entrenched in the evolution of devel- 
opment. The gonotropic cycle that is widespread in solitary insects has 
been co-opted by colony-level selection to generate division of labor while 
the temporal orchestration of hormones involved in reproductive matura- 
tion have undergone a heterochronic shift. Early activation of the repro- 
ductive network results in workers expressing maternal behavior soon 
after emergence as adults, hence providing an explanation for the most 
fundamental component of eusociality: stay home and work in the mater- 
nal nest. 

In Chapters 15, 17, and 18 behavioral and neural plasticity, and sensory 
response systems and behavior, are discussed. In Chapter 15, Ricarda 
Scheiner and Joachim Erber present the relationships between response 
thresholds to stimuli and behavioral plasticity in honey bees. They address 
the specific questions: (1) Do bees that differ in their activities within the 
colony have different thresholds for specific sensory stimuli? (2) What are 
the neurophysiological mechanisms that control sensory thresholds for spe- 
cific stimuli? (3) How do changes in the environment or within the colony 
modulate sensory thresholds? (4) Is there a genetic bias that affects re- 
sponse thresholds for specific stimuli? Wulfila Gronenberg and Andre 
Riveros inquire into whether social insects have evolved a “social brain” in 
Chapter 17. The social brain hypothesis of primates proposes that certain 
areas of the brains of the more social species are enlarged, a consequence 
of adaptation to complex social life. They explore the anatomy of the brains 
of social insects and look for evidence of selection in the social environ- 
ment, however, they suggest that the signature of such selection might ac- 
tually be a reduction in brain size, a consequence of a reduced behavioral 
repertoire because of division of labor. 

The final chapter of this section is by Guy Bloch, who looks at the timing 
of behavior and its synchronization with a biological clock. Bloch proposes 
that circadian behavioral plasticity in social groups is a mechanism to 
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temporally coordinate activities among nestmates and that the integration 
of the circadian clock into a colony-level pattern is crucial for efficient 
colony-level behavior. He proposes that we should look to circadian mod- 
els of Drosophila and the mouse to help us understand the chronobiology 
of social insects. 
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Behavioral Genetics in Social Insects 


JURGEN GADAU 
GREG J. HUNT 


BEHAVIORAL CHANGES or pre-adaptations of individual organisms must 
have been a prerequisite for the evolution of sociality in insects. For ex- 
ample, individuals had to first tolerate the presence of others in the nest 
and then had to give up their own reproduction and help others to rear 
their offspring, leading to a reproductive division of labor. As societies grew 
and became more complex, more intricate systems of division of labor be- 
tween nonreproductive individuals or workers evolved. We argue in this 
chapter that in order to completely understand how sociality and complex 
social organization evolved and to construct realistic models of social evo- 
lution (i.e., evolutionary analysis), it is necessary to study the genetic basis 
and regulation of social behaviors that result in a reproductive and nonre- 
productive division of labor (i.e., mechanistic analysis). Once we have a 
better understanding of the genetic architecture and regulation of these 
behavioral traits, we will be able to infer what genetic changes have taken 
place in the transition from a solitary to a social lifestyle by following the 
genetic and regulatory changes that accompanied these transitions. 
Subsequently, a behavioral genetic analysis of clades that show a soli- 
tary/social polymorphism for lifestyles, as in some communal or primitively 
eusocial bees, will help to differentiate between genetic changes essential 
for the evolution of eusociality and other changes that were adopted into 
already existing eusocial life histories to fine tune colony efficiency of more 
complex societies with thousands of workers. This differentiation is impos- 
sible if we only study highly derived eusocial insects. Our final goal will be to 
compare the genetic architecture of social behavior between phylogenetically 
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distant insect lineages like ants, bees, and termites. This should enable us 
to determine whether convergent genetic and regulatory changes have 
taken place during the evolution of sociality in these independent lineages 
or whether each lineage found an alternative solution to the same prob- 
lems faced by highly eusocial colonies. 


Division of Labor—The Essence of Social Insect Lifestyle 


Behavioral genetics in social insects has focused primarily on the genetic 
basis of division of labor among nonreproductive individuals. Most studies 
have used the honey bee Apis mellifera, but scattered studies in other so- 
cial insects showed similar results (Snyder 1992; Stuart and Page 1991). In 
honey bees, as in other social insects, it has been documented that geno- 
typic variation among workers leads to differences in the probability of in- 
dividual workers of the same colony to perform a specific task. Allelic 
variation at the DNA level that leads to predictable behavioral variability 
of workers can therefore be used to identify the genes responsible for task 
preferences of workers. In contrast, very little is known about the genetic 
basis for the reproductive division of labor, the situation in which individu- 
als make the ultimate altruistic sacrifice by foregoing reproduction and be- 
coming workers. We have genes, or rather Quantitative Trait Loci (QTL), 
for division of labor among workers, and also genes that are differentially ex- 
pressed between task groups (for a summary of these genes see Table 1 in 
Robinson Grozinger, and Whitfield 2005; Hunt et al. 2007; Page, Linksvayer, 
and Amdam this volume), but no legitimate claims have been made so far 
for an “altruism gene.” 

The reason we have been unable to find an altruism gene may be in part 
because caste determination in most social insects is based on environ- 
mental cues and each individual larva is reproductively totipotent. There- 
fore, we would not expect to see genetic variation at the DNA level for a 
reproductive division of labor in social insect populations; that is, allelic 
variation for the probability of becoming a queen or worker (see Volny and 
Gordon 2002; Julian et al. 2002; and Helms-Cahan and Keller 2003, for ex- 
amples of genetic caste determination). Theoretically, any gene that leads 
to the preferential development into a queen would sweep quickly to fixa- 
tion, or strong selection on unlinked genes would lead to the evolution of a 
suppressor gene that keeps such a gene under control. To understand the 
genetic architecture of reproductive caste determination in social insects 
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we need a different scheme than the one used in studies of division of 
labor among workers. This approach must reveal how different environ- 
mental factors trigger different developmental programs leading to re- 
productive or nonreproductive phenotypes, which are associated with 
completely different behavioral programs, such as egg laying versus brood 
care, foraging, or aggressive versus submissive behavior in interactions 
(Jeanne, this volume). Hence, to understand the genetic architecture of 
reproductive division of labor or to understand which genes are involved 
in the different behavioral repertoires of queens and workers, we need to 
move up one organizational level in our analysis. Instead of associating 
genotypic variation with the phenotype, we have to analyze the differences 
in gene regulation and gene expression between the two castes. 

This approach has been championed in honey bees and it has been 
shown that many genes are differentially expressed between queen larvae 
and worker larvae (Evans and Wheeler 2000; Christino et al. 2006). But 
there are limitations for identifying regulatory genes that initiate caste dif- 
ferentiation (i.e., the genes that interact with the environment to determine 
the fate of a still totipotent larva) because, as is the case with sex determi- 
nation, such signals are probably very ephemeral. Maybe the only way to 
find the regulatory genes is to look at species with large genetic effects on 
caste determination analogous to the identification of the sex determina- 
tion locus using diploid males. From an evolutionary point of view, the un- 
known regulatory genes could be called altruism genes because they 
control reproductive division of labor. These genes, however, respond in a 
predetermined way to the environment they find themselves in, so it is re- 
ally the environment or the behavior of the workers feeding larvae that de- 
termines the reproductive status of an individual (Linksvayer 2006, 2007; 
Linksvayer and Wade 2005). 

As mentioned above, another angle for identifying genes involved in the 
regulation of castes is to use social insect species with genetic caste deter- 
mination or major disturbances of the environmental caste determination 
system. This approach is analogous to the use of mutants in Drosophila to 
reveal the underlying genetics of major genes influencing early embryonic 
development because genes that underlie genetic caste determination 
must influence early reproductive development. Potential systems that 
could be used to test this approach can be found in ants (e.g., Pogono- 
myrmex spp., Julian et al. 2002; Volny and Gordon 2002; Helms-Cahan and 
Keller 2003; Acanthomyops, Umphreys 2006) or stingless bees (Melipona 
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quadrifasciatus, Kerr 1950). In honey bees the genetic basis of the “anar- 
chistic bees” could be studied (Montague and Oldroyd 1998), but the 
mechanism allowing workers to reproduce during the presence of a fertile 
queen is most likely independent from the regulatory genes influencing 
the worker-queen dichotomy. A detailed genetic analysis of the basis of 
worker reproduction might nevertheless provide a fruitful avenue toward 
an understanding of the genetic architecture of reproductive caste deter- 
mination. The results of such an endeavor into the genetic basis of repro- 
ductive division of labor may prove to be as exciting and revealing as the 
studies on division of labor in a colony’s workforce. Interestingly, research 
on the reproductive groundplan hypothesis for the evolution of division of 
labor among workers (West-Eberhardt 1987; Amdam et al. 2004; Guidugli 
et al. 2005; Hunt et al. 2007) suggest that these seemingly disparate lines 
of research might coalesce because both honey bee foraging behavior and 
female reproductive development may be influenced by the same underly- 
ing regulatory networks (Amdam et al. 2006). 

We now briefly review the considerable progress that has been made in 
the field of behavioral genetics of social insects (see also Bloch and Jeanson 
and Deneubourg, this volume). The focus on the genetics of division of 
labor has shifted significantly over time from finding genes or markers as- 
sociated with task preferences of workers, toward an understanding of how 
the modification of ancestral and preexistent gene regulatory networks in 
solitary ancestors can explain colony-level phenotypes like division of labor. 
Interestingly, this shift was championed by a nongeneticist 20 years ago 
(West-Erberhardt 1987) and had a precursor as much as 50 years ago (Bier 
1954), but evaluations of these claims had to wait until we had the appro- 
priate genetic tools (Amdam et al. 2006; Page et al., this volume). 


The Beginning of Behavioral Genetics in Social Insects 


The first studies on the genetic basis of individual behavior of social insects 
were conducted in bees using artificial selection for hygienic behavior 
(Rothenbuhler 1964a, b) and pollen hoarding (Hellmich 1985), or through 
the association of morphological or genetic (allozyme) markers represent- 
ing different patri- or matrilines, with specific tasks performed preferen- 
tially by each line even when raised in the same colony; Robinson and Page 
1988, 1989). To our knowledge, selection studies in social insects have 
been restricted to honey bees, but we could learn a lot by applying selective 


Behavioral Genetics in Social Insects 319 


breeding to species like bumblebees, termites, or other social insects that 
can be bred in the laboratory. In addition to the information about genetic 
variation maintained in populations for specific behaviors and the contri- 
bution of additive genetic variance in behavioral traits, selected lines in 
honey bees have become important tools in mapping QTL to search for the 
genes underlying behavioral variation. 

During the last decade it has become possible to construct linkage maps 
for social insects (e.g., Hunt and Page 1995; Gadau et al. 2001; Sirvio et al. 
2006) and to map genomic regions that have a significant effect on the ob- 
served behavior (e.g., Hunt et al. 1995; Hunt et al. 1998; Chandra et al. 
2001; Lapidge, Odroyd, and Spivak 2002; Page et al. 2000; Rueppell et al. 
2006; Arechavaleta-Velasco and Hunt 2004). For the honey bee, we now 
have an annotated genome sequence (The Honeybee Genome Sequenc- 
ing Consortium 2006) and tools to screen and manipulate this genome 
in vivo are becoming increasingly available. Significant advances in the un- 
derstanding of gene effects on behavioral and neurobiological traits will be 
made possible by combining innovative methods from neuroscience with 
marker-association studies and gene-expression analyses. Especially im- 
portant for the future will be to understand the interplay between genetic 
variation and social interactions (genotype by social-environment interac- 
tions), because all workers of a colony are capable of performing each task 
during their adult life yet each individual performs only a specific set of 
tasks at any particular time, and in such a way as to respond appropriately 
to stimuli that depend on colony state. Therefore, one major open ques- 
tion is: How do the genotypic differences among individuals in a colony re- 
sult in physiological or gene regulatory differences that in turn produce 
the observed adaptive system of division of labor? 

Studies in the honey bee, where we have more molecular tools than we » 
do for other social insects, will provide the opportunity to understand the 
genetic architecture of division of labor and reproduction in a highly euso- 
cial species. However, in order to understand exactly how the underlying 
genetic architecture has changed during the transition from solitary to so- 
cial organization, we need to compare these results with taxa that harbor 
both solitary and social species. Another option would be to contrast honey 
bees with taxa like termites or ants that have evolved eusociality indepen- 
dently, or we could compare honey bees to related solitary or primitively so- 
cial species such as euglossine bees or bumblebees. 

The quantitative genetic studies of social behavior are reviewed below 
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and we consider what linkage mapping and genomics has added to our un- 
derstanding of the genetics and evolution of social behavior. We also discuss 
how these and other genomic tools might help us to unravel the evolution of 
naturally occurring behavioral variability and to identify genes influencing 
division of labor. The defensive behavior and dichotomy between pollen and 
nectar foragers in honey bees provide examples of how linkage mapping can 
lead to the identification of specific genes for the division of labor in social 
insects. Interactions between genes and social environments and epigenetic 
effects complicate the picture of bee behavior, but candidate genes, once 
identified, will help us to better understand these complexities. 

Characterizing the genetic architecture of social behavior and social life 
histories raises important questions, and the answers may help us to un- 
derstand how complex social systems evolved. For example, what drives 
the evolution of an unusually high recombination rate in the honey bee and 
the leaf-cutter ant Acromyrmex echinatior? Is an elevated recombination 
rate related to the social life history? How is the expression of genes that 
influence social behaviors coordinated? What are the influences of epige- 
netic and epistatic effects on social behaviors? How does the social and 
abiotic environment modify the expression of genes? Finally, what do 
comparative studies from other model organisms tell us about the genes 
that nature has selected to regulate division of labor? 


Case Studies—Genetic Architecture of Social Behavior 


Hygienic behavior was probably the first social behavior that was analyzed 
using classic quantitative genetics. Rothenbuhler (1964a, b) conducted an 
elegant series of experiments which lead him to conclude that this behav- 
ior was controlled by two genes that influenced uncapping behavior and 
two genes that influenced removal behavior. Although often cited in text- 
book examples of genetic effects on behavior, Rothenbuhler’s conclusions 
about gene number, based on the distribution of colony phenotypes in a 
small population, were unwarranted (Moritz 1988). More recently, a study 
using a QTL approach found seven putative QTL influencing this behavior 
(Lapidge, Odroyd, and Spivak 2002). Similar studies in natural populations 
of bumblebees have revealed not only multiple loci for resistance against a 
specific parasite but also more complex interactions (e.g., epistasis) of 
the loci underlying this partial resistance (Wilfert, Gadaeu, and Schmid- 
Hempel 2007a). 
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Division of Labor in Honey Bees 


Social Hymenoptera typically exhibit age polyethism in which younger in- 
dividuals perform tasks inside the nest and older individuals forage or act 
as defenders outside the nest. Analyses of distribution of allozyme geno- 
types or color markers of worker bees performing different tasks showed 
that virtually all the tasks that are influenced by age-based behavioral 
development are also influenced by the genotype of the worker bee 
(Frumhoff and Baker 1988; Breed, Robinson, and Page 1990; Page and 
Robinson 1991; Calderone and Page 1992). But how does natural selection 
act upon groups and individuals to maintain this genetic variation, and 
what is its significance for colony fitness? Determining the actual genes in- 
volved in this process may teach us something about the evolutionary his- 
tory of division of labor and the significance of gene effects on specific 
behaviors. There are two principally different approaches toward finding 
the genes involved in a phenotype. Forward genetics seeks to go from the 
observed phenotype to the gene, whereas a candidate gene approach (re- 
verse genetics) tries to capitalize on previous knowledge of gene functions 
in other species to show that a gene with a particular phenotypic effect in 
species A has a similar effect in species B, with species A always being a ge- 
netically well-characterized model organism (e.g., Drosophila melanogaster 
or Caenorhabditis elegans). Both approaches have advantages and disad- 
vantages. 


The Candidate Gene Approach: From Gene to Behavior 


A tremendous amount of information is already available for the function 
of genes in model organisms such as Drosophila or Caenorhabditis. The 
reverse genetics approach for identifying genes that influence social be- 
haviors has been to use this information to choose orthologous genes in so- 
cial insects to study their effects on a specific behavior (Fitzpatrick et al. 
2004, Robinson and Barron this volume). The strategy is to choose a gene 
that has a large effect on behavior or signaling pathways in a model organ- 
ism, and study the ortholog in a social insect either by manipulating its 
expression levels (e.g., silencing using RNA interference; RNAi) or mea- 
suring expression (mRNA or protein) levels and correlating expression 
with behavioral phenotypes. If it is possible to detect allelic variation for 
that particular gene in the species being studied, it would also be possible 
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to analyze the effect of a particular allele on the behavior of interest, but it 
seems that this has yet to be done in social insects. 

The candidate gene approach has been applied most extensively to honey 
bees by Robinson and his collaborators and much of this work has been re- 
viewed here in previous chapters. One intriguing example comes from 
studies on the foraging gene (for) from Drosophila, which encodes a 
cGMP-dependent protein kinase, or PKG. Kinases are important for acti- 
vating other proteins and PKG has been shown to influence feeding- 
related behaviors and other processes in a variety of model systems 
(reviewed by Sokolowski 2001; Ben-Shahar 2005). The honey bee ortholog, 
AmFOR, has been mapped and cloned. Allelic variation of for in Droso- 
phila is responsible for the rover/sitter behavioral polymorphisms in wild 
populations. The polymorphic behavior is characterized by different 
search strategies in larval foraging behavior, which is tied to differential ex- 
pression of for (Sokolowski 2001). AmFOR in honey bees might influence 
the age of onset for foraging (Ben-Shahar et al. 2002; Ben-Shahar et al. 
2003). Foragers and undertaker bees have higher levels of AnFOR mRNA 
in their brains than nurse bees, and application of 8-Br-cGMP, which in- 
creases CGMP levels and activates PKG, results in earlier foraging. How- 
ever, this does not constitute ironclad proof because the effect could also 
be due to toxicity, and application of 8-Br-cGMP did not increase expres- 
sion of foraging-related genes, which were activated by the juvenile hor- 
mone analog methoprene (Whitfield et al. 2006). It is unclear whether the 
expression of this gene is causally involved in the naturally observed phe- 
notypic variation of honey bee foraging behavior, as it is in Drosophila, but 
what does seem clear is that AmFOR influences positive phototaxis, which 
may be a critical stimulus for initiating foraging (Ben-Shahar 2005), 


QTL Mapping: Going from Behavior to the Gene 


The forward genetics approach is to map chromosomal regions that affect 
the trait and search through the genes in the region, which are then con- 
sidered candidate genes. For Hymenopteran insects, the QTL method was 
first used to map genes that influence foraging resource choice (pollen ver- 
sus nectar) in honey bees (Hunt et al. 1995; Page et al. 2000; Page et al., 
this volume, Scheiner and Erber, this volume). The QTL method also has 
been applied to map genes influencing behaviors that result in reproduc- 
tive isolation in Nasonia (Gadau, Page, and Werren 1999;) as well as other 
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traits related to foraging division of labor in honey bees (Rueppell et al. 
2004a, 2004b, 2006), immune defense in bumblebees (Wilfert, Gadau, 
and Schmid-Hempel 2007a), and defensive behavior in honey bees (Hunt 
et al. 1998; Arechavaleta-Velasco and Hunt 2004). 

To illustrate the QTL method, let us consider defensive behavior (see 
Page et al., this volume, for other QTL studies in honey bee social behav- 
ior). Honey bee defensive behavior has been used as an example of altru- 
ism because individuals die after stinging. Natural selection has resulted in 
large phenotypic variation for tendency to sting when relevant stimuli are 
presented to a bee colony. This variation presumably is the result of allelic 
variation of specific genes interacting with the environment, which includes 
social interactions. Highly defensive African-derived honey bees respond 
much more quickly to potential threats and respond with about five times 
as many stings in a leather target compared to low-defensive European- 
derived honey bees (reviewed by Breed et al. 2004). The organization of 
defensive behavior within a colony is complex because genotype-by- 
environment interactions occur through the interactions of individuals of 
divergent genotypes. Individual African-derived bees (AHB) are much 
more persistent at guarding the nest entrance than European honey bees 
(EHB). AHB are more persistent at guarding if co-fostered with high pro- 
portions of other African-derived bees than they are in colonies with high 
proportions of EHB, but “gentle” European nestmates do not respond in 
the same way (Hunt et al. 2003). In addition, bees with high-defensive 
genotypes efficiently recruit low-defensive genotypes to sting (Guzman- 
Novoa et al. 2004). The situation is further complicated by a paternal ef- 
fect on colony stinging response. Colonies composed of hybrids with 
African-derived fathers are as defensive as the African type, but the recip- 
rocal cross, involving hybrids with European-derived fathers, are interme- 
diate in defensive behavior (Guzmdén-Novoa et al. 2005). This strongly 
suggests that there is a large epigenetic component to colony defensive be- 
havior. 

In colonial insects, genes influencing behavioral traits can be mapped at 
either the colony or individual level by associating the inheritance of DNA 
marker alleles with phenotypes. Colony-level behavioral responses were 
used to map QTL that influence stinging-behavior of honey bees using 
crosses between African- and European-derived stocks (Hunt et al. 1998). 
QTL influencing colony-level traits are most efficiently mapped using 
backcross colonies with queens that share the same haploid father, each 
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mated to a drone from an F1 queen. A linkage map can be constructed 
based on the inheritance of marker-alleles in the haploid fathers of the 
colonies, and specific marker-alleles of the fathers can be associated with 
colony phenotype (such as numbers of stings) to map colony-level QTL. 

Individual behavior can be used to map QTL or to confirm behavioral 
effects of previously mapped QTL. For example, we would expect that a 
random sample of backcross workers would segregate 1:1 for each random 
DNA marker, unless a viability effect is linked to the marker. However, 
samples of bees performing a particular behavior would show a deviation 
from 1:1 if a linked gene is influencing the likelihood of performing that 
behavior. In the case of defensive behavior, collections of individuals that 
were among the first five to ten bees to sting a leather patch presented at the 
hive entrance showed an overrepresentation of the defensive-parent allele 
at a marker linked to sting1, as compared to control samples in two indepen- 
dent studies (Guzman-Novoa et al. 2002), thus confirming the influence of 
sting1 on individual stinging behavior; and a similar study confirmed the 
effects of sting1, sting2, and sting3 on guarding behavior (Arechavaleta- 
Velasco, Hunt, and Emore 2003). 

Another interesting case that used the association of genetic markers 
with a distinct colony organization (monogyny versus polygyny) to under- 
stand the genetic basis of this difference is the red imported fire ant 
Solenopsis invicta. In the last few decades, researchers observed within the 
introduced North American S. invicta population the evolution and rapid 
spread of a polygynous form. Polygynous colonies outcompete the monogy- 
nous form whenever these two forms compete. Although polygyny is 
known from the native range of S. invicta in South America, the polygynous 
colonies of North American differ in many respects from the South Ameri- 
can polygynous colonies (e.g., number of queens). Ross and colleagues have 
dissected the behavioral, ecological, evolutionary, and genetic details 
behind this difference in queen number over the last 20 years (Ross and 
Fletcher 1985; Ross and Keller 1998; Krieger and Ross 2002). This example 
highlights how a strong correlation between a certain allozyme genotype 
and colony phenotype can ultimately lead to the isolation of the underlying 
gene. In S. invicta a novel behavior during colony development, the re- 
adoption and tolerance of additional reproductives into an existing queen- 
right colony, can ultimately lead to population subdivision and might 
potentially mark the beginning of a new species. This novel behavior has 
been linked to an allelic substitution at the gene Gp-9, a putative pheromone 
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binding protein (Krieger and Ross 2005). Although it is not yet understood 
in detail how this allelic substitution led to the observed behavioral differ- 
ences, the current results suggest that it might have to do with a change in 
cues that a mated queen of the polygynous, versus monogynous, form emits 
and how workers of the different forms react to these cues (Ross and Keller 
2002). Further studies revealed that the same allele linked to polygyny in S. 
invicta is also present and correlated with polygyny in other Solenopsis 
species that are social polymorphic (i.e., have both monogynous and polyg- 
ynous colonies; Krieger and Ross 2005). 

QTL or association mapping has one advantage over the candidate gene 
approach in that it directly identifies the loci that influence natural varia- 
tion in behavior and provides a quantitative estimate of their effects. The 
major drawback so far is that QTL mapping does not identify a specific 
gene. How can we go from mapped location to the key genes that natural 
selection is operating on? In species with a genome sequence we can try to 
narrow the search by using physical mapping information. For example, 
confidence intervals for the location of defensive behavior QTL were ap- 
proximated by taking the region of the linkage group within 1.5 LOD- 
value of the peak value. This provided a roughly 97% confidence interval 
(CI) in which to search for candidate genes. These CIs were quite large in 
terms of linkage map distance, consisting of about 40 centimorgans (cM); 
however, the amount of physical distance within the CIs was not too large 
(about one megabase of DNA) because of the high recombination rate in 
the honey bee (Hunt and Page 1995; Solignac et al. 2004) and the CIs each 
contained about 40 genes. The number of genes was even less than what 
was expected in a random 40 cM interval because the local recombination 
rates were even higher than average within these defensive-behavior CIs 
(Hunt et al. 2007). In contrast to the honey bee results, lower recombina- 
tion rates in the mouse and the fruit fly have the effect that we would 
expect—roughly 500 and 2,000 genes, respectively, in 40 cM CIs. Another 
intriguing finding is that the two most highly social insects for which we 
have linkage maps, the honey bee and the leaf-cutting ant Acromyrmex 
echiniator, appear to have the highest recombination rates known for any 
metazoan. Aside from the benefit of localizing genes for social traits, these 
results raise the question of whether there is an adaptive significance for 
high recombination rates in social insects, or whether it could be a byprod- 
uct of colony life related to lower effective population sizes (see Gadau 
et al. 2000; Sirvio et al. 2006; Beye et al. 2006, Wilfert et al. 2007b). 
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In thinking about the sorts of genes that would be involved in the evolu- 
tion of cooperative nest defense, we might expect that genes affecting cen- 
tral nervous system (CNS) activity or development, or genes involved in 
sensory tuning, would be likely candidates (reviewed by Hunt 2007). Pre- 
dicted genes annotated by the Honeybee Genome Consortium (2006) 
within the sting QTL CIs were analyzed by performing BLASTp searches 
against the non-redundant protein database (NCBI website http://www 
ncbi.nlm.nih.gov). This provided information on homologs and identified 
protein domains. Putative functions of homologs and orthologs (genes in 
Drosophila and humans) revealed that many of the 50 genes in the sting] 
CI had functions in the development and functioning of the CNS. The 
sting2 and sting3 CIs had 60 and 16 genes, respectively, and contained 
genes that could influence sensory tuning—an arrestin (AmARR4), a 
GABA,-R1 receptor, and the homer protein). Arrestin modulates percep- 
tion of both visual and olfactory stimuli. The GABA,-R1 receptor is a sub- 
unit of the receptor that is a key inhibitory neurotransmitter, and homer 
expression is known to respond to synaptic signaling. Expression studies 
showed that some of the candidate genes were up-regulated in highly 
defensive bees (Hunt et al. 2007), but some unlinked genes were also 
more likely to be up-regulated in defensive bees, suggesting that gene ex- 
pression may be generally higher in defensive bees. Techniques such as 
fine-scale mapping, expression studies, pharmacology, and manipulation of 
expression in vivo are now required to prove connections of genes with ag- 
gressive behavior. 

Aside from the fine-scale mapping problem, another major disadvantage 
of QTL studies is that they will only identify genes that have genetic varia- 
tion that produces observable phenotypic variation. In order to identify 
genes that are differentially regulated between task groups but are not 
necessarily different in sequence, we need to use expression studies. 


Expression Studies: Microarrays and Quantitative Real-time 
PCR (Polymerase Chain Reaction) 


Partial sequences of genes from EST projects can be used to design mi- 
croarrays for measuring the expression levels of many genes on a single 
chip. About 25% of roughly 4,000 to 4,500 genes on microarrays that were 
probed with RNA from honey bee brains differed in expression between 
nurses and foragers (Whitfield, Cziko, and Robinson 2003). Usually, 
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honey bee nurses are young and foragers are the oldest bees in a colony, 
but in this study colony manipulations controlled for age effects by pro- 
ducing young, precocious foragers and unusually old nurse bees. Surpris- 
ingly, Whitfield et al. found that most of the variance in gene expression 
between these two task groups was associated with behavior rather than 
age. Another microarray experiment made use of treatments with queen- 
mandibular gland pheromone (QMP). QMP has an impact on the behavioral 
transition from nurse to forager and this microarray study corroborated 
the previous results by showing that most of the same genes differed in ex- 
pression in the predicted direction following QMP treatment (Grozinger 
et al. 2003). However, about a third of genes analyzed on the chip were dif- 
ferentially regulated between the two treatment groups in this latter study, 
making interpretation of the roles of individual genes difficult. This under- 
scores the fact that both microarray studies and QTL studies result in 
many false positives—genes identified that do not influence the behavior 
of interest and must be eliminated in follow-up studies. 

Gene expression may also be correlated with short-duration behaviors 
such as comb-building, guarding, and removal of corpses (undertaking or 
hygienic behavior). A recent study found that age-matched comb builders 
differed from guards and undertakers for 248 and 32 cDNAs at p>0.01 
and 0,001, respectively, which is roughly five times more genes than would 
be expected by chance. But no differences between guards and undertak- 
ers were observed over the expected number of false positives (Cash et al. 
2005). Small expression differences throughout the brain or larger differ- 
ences localized to small regions of the brain could be missed in microarray 
studies, so perhaps it is not surprising that no differences were found be- 
tween undertakers and guards. Another explanation could be that in gen- 
eral the same genes influence both hygienic behavior and guarding. One 
study involving just two colonies did show that undertakers guarded more 
than workers previously identified as comb builders or food storers, and 
that both undertakers and guards frequented the lower portions of the 
hive (Trumbo, Huang, and Robinson 1997). 

Microarrays were recently used to look at natural variation in the rate 
of behavioral development that exists between two honey bee subspecies, 
A. m. ligustica and A. m. mellifera (Whitfield et al. 2006). Principal com- 
ponent analyses identified key genes that were primarily regulated by be- 
havioral differences between subspecies and these can be considered as 
candidate genes that either influence, or are influenced by, behavioral 
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development. One surprising outcome of this research was that hive- 
restricted bees had gene expression that was virtually indistinguishable 
from foragers. This shows that the brain gene expression that has been ob- 
served so far as a signature of foraging behavior is independent of flight, 
foraging experience, and exposure to light! This study helps to tease out 
the factors of environment, hormones, and signaling molecules on gene 
expression in foragers. Methoprene treatment was found to influence 
forager-like expression patterns more than treatments related to two can- 
didate genes. In general, the corroboration between honey bee microarray 
studies appears to be higher than studies involving human psychiatric dis- 
orders, presumably because bees are simpler systems (see Miklos and 
Maleszka 2004). Mapping QTL that vary in populations and influence be- 
havior, combined with expression analyses with microarrays, may suggest 
regulatory connections between QTL and specific genes. Such a study 
could be extended to potentially mapping genes (as “eQTL”) that influ- 
ence the expression of any gene on the array and help to reveal the under- 
lying gene network. 


Conclusions and Future Directions 


Sequencing genomes continues to become cheaper. The genome sequences 
of three Nasonia species (Hymenoptera, Chalcidoidea) are now available, 
which will allow direct comparisons between the genetic architecture of 
behavioral traits in social and solitary Hymenopteran species. This should 
provide valuable insights into how certain genes take on new roles in mod- 
ulating division of labor (Nelson et al. 2007). Beyond that, we hope/predict 
that in the near future other social insect genomes (e.g., Apinae, Isoptera, 
Formicidae) will become available both for a genomic comparison of con- 
vergently evolved social systems and for comparison of related taxa that 
differ in the degree of sociality; for example, honey bees (Apis spp.), sting- 
less bees (Meliponini), bumblebees (Bombini), and orchid bees (Eu- 
glossini). These genomes and the comparison between their expression 
patterns are essential to the reconstruction of genetic changes associated 
with the evolution of eusociality. Genotyping arrays will greatly accelerate 
the integration of QTL mapping and genome sequence and provide pow- 
erful tools for population genetics, which in turn will help to identify areas 
in the genome that were recently (e.g., during the evolution of social be- 
havior) under selective pressure. Arrays that can query thousands of single 


Behavioral Genetics in Social Insects 329 


nucleotide polymorphisms (SNPs) in many individuals will be most suit- 
able for these types of studies (Fan, Chee, and Gunderson 2006). Another 
approach that will become increasingly important is massively parallel se- 
quencing to identify SNPs or for transcriptional profiling. This technique 
can produce an incredible amount of sequences in short fragments at low 
cost (Leamon, Braverman, and Rothberg 2007). 

Analyses of the expression levels of candidate genes with microarrays or 
qRT-PCR will continue to be important for learning more about gene ef- 
fects in social insects and to integrate genetic variation with gene regula- 
tion. Experimental manipulation of gene expression will also be essential 
to test for effects of candidate genes on phenotypes. Some results from 
QTL mapping in honey bee and other hymenoptera indicate that epistasis 
is probably a common feature of behavioral traits, but it is difficult to have 
a test that has enough power to identify these effects because all pairwise 
combinations of markers need to be tested for effects on the phenotype. A 
more powerful way to study these regulatory networks may be to observe 
what happens to expression within the network of genes when one gene is 
experimentally down-regulated. 

More complex or nontraditional genetics such as epistasis, indirect ge- 
netic effects (Linksvayer 2006, 2007; Linksvayer and Wade 2005), or 
epigenetic effects (Haig 2000; Queller 2001) may prove to be very impor- 
tant for the evolution of sociality because they can alter the selective envi- 
ronment of genes and hence may be crucial factors in the early evolution 
of sociality or the expression of facultative social behavior. Thompson et al. 
(2006) interpret the extension of the major royal jelly protein-family in 
honey bees as a possible example for gene regulation via a sib-social effect 
because it allows workers to determine caste development through differ- 
ential feeding of larvae. Hence the fate of a female larva in honey bees— 
whether she will become a worker or queen—crucially depends on genes 
expressed in her sibs. 

To really understand the evolution of social behavior we need to know 
more about the ancestral status of the novel social phenotypes, such as the 
precursor of a nectar foraging or pollen foraging bee, and what genes in- 
fluenced these behaviors. However, to do so, we first need to have a better 
understanding of the genetic architecture of behaviors that are unique or 
novel in their regulation in a highly social insect. Once we understand the 
genetic architecture and identify the genes underlying these social behav- 
iors in highly eusocial species, we can discover how these genes fit into 
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regulatory networks in the solitary relatives of social insects, and how they 
have changed during the evolution to saciality. 
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Sensory Thresholds, Learning, and the 
Division of Foraging Labor in the Honey Bee 


RICARDA SCHEINER 
JOACHIM ERBER 


HONEY BEE COLONIES DISPLAY an amazingly complex social life. Indi- 
viduals can selectively respond to a large diversity of sensory stimuli with 
behaviors that contribute to the survival of their hivemates. In addition to 
division of reproductive labor, honey bees show age-dependent division of 
labor. Whereas young bees work in the center of the nest, tending the 
brood or the queen, older bees are involved in the production of honey 
and the maintenance of the hive. Older bees work in the periphery of the 
nest as guards and later leave the hive for foraging trips. Within the group 
of foragers, which are of similar age, another form of division of labor oc- 
curs. Some bees forage for pollen, others collect nectar, a number collect 
water, and a few collect propolis. Division of labor in honey bees is flexible 
and resilient; the behavior of individuals can change considerably accord- 
ing to the actual needs of a colony on time scales that range from minutes 
to weeks. 

All these myriad behavioral interactions are controlled by the relatively 
small nervous system of each individual. This complex control of social be- 
havior requires sensory organs that receive and filter signals of different 
modalities. Higher-order interneurons must evaluate relevant signals and 
select appropriate behavioral responses that are executed by the complex 
motor system of the individual bee. At first sight, any attempt to analyze 
the neuronal mechanisms underlying the complex organization of social 
behavior in bees seems to be a hopeless venture. Nevertheless, there are a 
number of hypotheses on the mechanisms underlying social behavior that 


can be directly tested with methods developed by behavioral and neural 
399 
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sciences. One example of this is the response threshold model. This theory 
attempts to explain division of labor in an insect colony by differences in 
task-related response thresholds of individuals. The response threshold 
model provides neurobiologists with a number of testable hypotheses on 
the behavioral, cellular, and molecular levels. In the last few years, signifi- 
cant advances have been made in the analyses of sensory response thresh- 
olds and their relationships to different behaviors in bees. Most of these 
analyses focus on division of foraging labor. These experiments suggest 
that foraging labor is controlled by only a few simple rules at the level of 
the nervous system, which are translated into complex social interactions 
within a honey bee colony. The hypotheses on sensory thresholds derived 
from experiments with foraging labor can now also be tested with other 
social behaviors. 


Response Thresholds and Division of Labor 


Division of labor in a colony is a complex process which involves different 
levels of information processing. The individual has to follow rules which 
determine the behavior it has to perform at a specific time in a defined se- 
quence under the given boundary conditions. The individual has to asses 
constantly complex environmental and social stimuli which control its be- 
havior. Under natural conditions it is impossible for the experimenter to 
control the sensory stimuli that are perceived by an individual. Therefore, 
it is necessary to study these processes under reduced and controlled lab- 
oratory conditions. Honey bees are very suitable for such experiments be- 
cause they show complex behaviors such as learning and orientation even 
under very restrained laboratory conditions. 

Division of labor within a honey bee colony is assumed to be based on 
response thresholds for specific stimuli (Page and Robinson 1991; Robin- 
son 1992; Beshers and Fewell 2001). According to this hypothesis, re- 
sponse thresholds differ among individuals; an individual with a low response 
threshold for a specific sensory stimulus responds to low stimulus intensi- 
ties by initiating the associated task, while other bees with higher thresh- 
olds are unaffected by this stimulus. Division of labor works because some 
individuals have a low response threshold for a stimulus that is associated 
with one task, but have high response thresholds for stimuli that are asso- 
ciated with other tasks. It is possible in the laboratory to measure response 
thresholds of bees that perform different tasks in the colony. The measure- 
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ment of response thresholds in the laboratory establishes correlations be- 
tween behavior in the field and the properties of sensory systems, but not 
causal relations. Causal effects of sensory thresholds can be analyzed by 
observing the effects on division of labor in the colony after manipulating 
the sensory thresholds of individuals (e.g., by pharmacological treat- 
ments). The threshold hypothesis leads to a number of interesting ques- 
tions that can be analyzed under controlled laboratory conditions. 


1. Do bees that differ in their activities within the colony have different 
thresholds for specific sensory stimuli? 

2. What are the neurophysiological mechanisms that control sensory 
thresholds for specific stimuli? 

3. How do changes in the environment or within the colony modulate 
sensory thresholds? 

4. Is there a genetic bias that affects response thresholds for specific 
stimuli? 


Some of these questions have been addressed experimentally in the last 
few years. Response thresholds for stimuli of different modalities can be 
determined by measuring how individuals respond to increasing intensi- 
ties of sensory stimuli. Averaged responses to different stimulus intensities 
can be calculated for a number of individuals. These intensity-response 
functions describe the responsiveness of a group of individuals to different 
intensities of a specific stimulus. 

These intensity-response curves can be used to estimate the response 
threshold or the sensitivity of a group of individuals for a specific stimulus. 
For some stimulus modalities it is easy to define the lowest stimulus inten- 
sity that evokes a response in an individual (e.g., responses to pollen or to 
an odor, see below). In these cases, the response threshold is the lowest 
stimulus intensity that produces a significant behavioral response in an in- 
dividual. For other stimulus modalities, like gustatory or visual stimuli, 
even very low stimulus intensities can evoke behavioral responses, which 
depend on the stimulus intensity. For these stimuli, a response threshold 
often cannot be estimated and therefore needs to be defined differently. 

An example of the measurement of responsiveness and the estimation of 
response thresholds for gustatory stimuli in two groups of bees is shown in 
Figure 15.1. In this experiment, the bees were harnessed in small tubes, 
and it was tested whether proboscis extension occurred during stimulation 
of the antennae with water or different concentrations of sucrose (Page, 
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Erber, and Fondrk 1998). In both groups the percentage of bees respond- 
ing with proboscis extension increased with increasing concentrations of 
sucrose. These concentration-response curves can be used to estimate re- 
sponse thresholds by determining the sucrose concentration that evokes a 
response in, for example, 75% of the bees (Figure 15.1). The sucrose con- 
centration that elicits a response in 75% of the individuals with low thresh- 
olds is approximately 20 times lower than the equivalent concentration in 
the other group (response thresholds: 0.16% vs. 3.5% sucrose). The su- 
crose sensitivity of these bees can be estimated by calculating the inverse 
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Figure 15.1. Responses to water and different sucrose concentrations of bees 
with high and low gustatory response thresholds. The abscissa shows the water 
stimulation and the log of the sucrose concentrations tested. The ordinate 
displays the percentage of bees showing proboscis extension response (PER). 
Bees of both groups become more responsive with increasing sucrose 
concentrations. The concentration-response curves can be used to estimate 
response thresholds by determining the sucrose concentration that, for 
example, evokes a response in 75% of the bees. The two groups presented here 
differ in their 75% response thresholds approximately by the factor 20. In bees 
with low gustatory threshold, the 75% response appears at about 1.6% sucrose 
(log —0.8). In bees with high sucrose threshold, the 75% response lies at about 
3.5% sucrose (log 0.55). Data taken from Scheiner et al. 2005. 
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of the sucrose concentration (1/concentration) at the defined threshold. In 
the example shown in Figure 15.1, the sensitivity for the group with the 
lower threshold is about 20 times higher than that for the other group. 


Gustatory Response Thresholds and Division of Foraging Labor 


Bees display a clear division of foraging labor by collecting nectar, pollen, 
water, or propolis. Pollen and non-pollen foragers represent different 
groups of bees that perform different tasks in the social context of the hive. 
As these two groups are present during most of the foraging season, they 
can be collected in large numbers at the hive entrance and tested for 
differences in response thresholds in the laboratory. 

The proboscis extension response (PER) is a very robust behavior for 
determining sensory thresholds for water or sucrose solutions (for review 
see Scheiner, Page, and Erber 2004). Response thresholds to sucrose have 
been shown to correlate with division of foraging labor (Figure 15.2A). On 
average, pollen foragers show high responsiveness to water and low con- 
centrations of sucrose. They have lower response thresholds for sucrose 
than nectar foragers, which are less responsive to these gustatory stimuli 
(Page, Erber, and Fondrk 1998; Scheiner, Erber, and Page 1999; Scheiner, 
Page, and Erber 2001b; Scheiner, Barnert, and Erber 2003). Water collec- 
tors are similarly sensitive for sucrose to pollen foragers. Bees collecting 
both pollen and nectar are rather insensitive for sucrose stimuli (Pankiw 
and Page 2000). 

A good indicator of individual responsiveness is the gustatory response 
score (GRS). The GRS of a single bee comprises the number of proboscis 
extensions the bee shows during the consecutive stimulation with water 
and increasing concentrations of sucrose. Pollen and nectar foragers differ 
in their relative distributions of bees with high and low gustatory thresh- 
olds, which are indicated by the GRSs (Figure 15.2B). Although the distri- 
butions of GRSs overlap between nectar and pollen foragers, a higher 
proportion of nectar foragers have a low GRS (i.e., high thresholds), while 
pollen foragers comprise a higher frequency of bees with a high GRS (i.e., 
low thresholds). 

Responsiveness to sucrose depends on the age of the bee. Gustatory re- 
sponse thresholds are high in newly emerged bees and decrease strongly 
with age (Figure 15.2C; Pankiw and Page 1999). Individual sucrose re- 
sponse thresholds measured in 1-week-old bees are a good predictor of the 
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foraging behavior these bees will adopt later in life (Pankiw and Page 2000). 
Bees with the lowest threshold to sucrose at 1 week will later collect water. 
Those with slightly higher thresholds will later collect pollen. Individuals 
with high thresholds to sucrose will collect nectar or both pollen and nectar. 
Bees with the highest thresholds for sucrose in their first week of adult life 
are later found to return empty from foraging trips. These experiments 
demonstrate that sucrose thresholds of preforaging bees correlate with the 
materials that they collect as foragers (Pankiw and Page 2000). 

Apparently the sucrose receptors (Haupt 2004) of pollen and nectar for- 
agers differ in their thresholds to sensory stimuli. To understand the neural 
mechanisms underlying different sensory thresholds it is also necessary to 
analyze other types of sensory receptors in these two groups of bees. There 
is good experimental evidence that the thresholds of sucrose receptors cor- 
relate with the thresholds of other sensory receptors. Sensitivity for water 
often correlates positively with sensitivity to sucrose (Page, Erber, and 
Fondyk 1998), although water and sucrose stimuli are perceived by differ- 
ent antennal sensilla (Haupt 2004). Response thresholds for pollen can be 
measured under laboratory conditions by stimulating the antennae with 
pollen mixtures and registering the PER (Figure 15.3A). Bees with a low 


Figure 15.2. A. Gustatory response curves of pollen and nectar foragers. The 
abscissa shows the water stimulation and the log concentrations of the different 
sucrose stimuli tested. The ordinate displays the percentage of bees showing 
the proboscis extension response (PER). The percentage of pollen foragers that 
respond with proboscis extension to stimulation with different sucrose concen- 
trations is generally greater than that of nectar foragers. Data taken from 
Scheiner et al. 2003. B. Distribution of gustatory response scores (GRSs) in 
pollen and nectar foragers. Each bee was stimulated with water and six sucrose 
concentrations. The GRS of an individual represents the number of proboscis 
responses to these seven stimuli and can therefore range between 0 (no 
response to any stimulus) and 7 (responses to all stimuli tested) for each 
individual. The distributions of the GRS lead to different median GRS values 
for pollen and nectar foragers (pollen foragers x,_,=7, nectar foragers x,,.,=5). 
Data taken from Scheiner et al. 2003. C. Gustatory response curves of newly 
emerged bees and of nectar foragers. The axes of the diagram are identical to 
those in 2A. Nectar foragers are more responsive to water and the different 
sucrose concentrations tested than newly emerged bees. 
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response threshold for sucrose have a low response threshold for pollen 
and respond with the PER to a stimulus that contains only about 6% 
pollen. Bees with higher thresholds for sucrose do not show significant re- 
sponses even to pure pollen. Sucrose, pollen, and water stimuli are per- 
ceived by different sensory receptors, but they all belong to the same 
modality—gustation. The correlations between sensitivities for these stim- 
uli might therefore be a consequence of the modality-specific neuroarchi- 
tecture of the insect brain. For a better understanding of the principles of 


Figure 15.3. Correlations between gustatory response thresholds and response 
thresholds for other stimulus modalities. A. Responsiveness to different pollen 
concentrations of bees with high or low sucrose response thresholds. The 
abscissa shows the different relative pollen concentrations. The ordinate shows 
the percentage of bees showing the proboscis extension response (PER) when 
pollen mixtures were applied to the antennae of the bees. Individuals with high 
sucrose response thresholds were more responsive to pollen than bees with low 
sucrose thresholds. The response threshold for pollen of bees with low sucrose 
thresholds is indicated by asterisks (***p < 0.001; two-tailed Fisher Exact 
Probability Test). Data taken from Scheiner et al. 2004. B. Responsiveness to 
odors of bees with high or low sucrose response thresholds measured in a four- 
armed olfactometer. The abscissa displays the different odor concentrations 
that were produced by diluting citral with paraffin oil. The ordinate shows the 
relative time individuals spent in the odor-containing arm compared to the 
other arms of the olfactometer. Bees with high sucrose response thresholds 
were more sensitive to citral than bees with low sucrose thresholds. Bees with 
low sucrose thresholds had an olfactory response threshold of 107° (*p < 0.05, 
two-tailed Fisher Exact Probability Test). Those with high sucrose thresholds 
had an olfactory response threshold that was 10-fold higher (**p <0.01, two- 
tailed Fisher Exact Probability Test). Data taken from Scheiner et al. 2004. 

C. Visual responsiveness of bees with high or low sucrose response thresholds 
measured in a phototaxis arena. The abscissa shows the different relative light 
intensities which were produced with neutral density filters in front of green 
(520 nm) light emitting diodes. The ordinate displays the mean times that bees 
need to walk across the arena to a light source with a defined intensity. The 
walking times decrease with increasing light intensities. For comparison of the 
different thresholds for light in the two groups of bees, a threshold criterion of 
10s walking time is indicated. Bees with low sucrose thresholds need lower 
light intensities to reach the walking time threshold of 10s, while bees with 
high gustatory thresholds need higher light intensities. Data taken from Erber 
et al. 2006. 
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neuronal mechanisms controlling sensory thresholds, it is necessary to 
analyze the correlations between gustatory sensitivities and sensitivity for 
olfactory or visual signals. 


Olfactory Thresholds and the Division of Labor 


Olfactory signals govern the world of social insects (Hélldobler and Wilson 
1990). They control and trigger social interactions within the colony, they 
are the basis for nestmate recognition, and they help to identify food sources. 
On the basis of a response threshold model for division of labor we would 
expect that response thresholds for odors in the laboratory differ in insects 
that perform different tasks that are controlled by olfactory signals. Many 
experiments conducted in the last few years support this hypothesis. 

Response thresholds for odors can be determined effectively in honey 
bees using an olfactometer, olfactory learning assays, or extracellular 
electrophysiological recordings from the antenna (electroantennograms). 
Response thresholds for queen pheromone, for example, have been deter- 
mined in an olfactometer in which the bees walk toward an odor source 
containing the pheromone. The thresholds increase with age, with young 
bees (<5 days) exhibiting the lowest response threshold for queen 
pheromone (Pham-Delégue et al. 1991). 

Masterman et al. (Masterman, Smith, and Spivak 2000; Masterman 
et al. 2001) found a genetic component that influences response thresh- 
olds for the specific odor of chalkbrood. Hygienic bees had lower response 
thresholds for the odor of chalkbrood than nonhygienic bees, which indi- 
cates a genetic basis for this behavior. 

Alarm pheromone, together with visual alert signals, rapidly induces 
stinging responses in bees. Individuals in a colony differ in their response 
thresholds to alarm pheromone, with bees working as guards or having re- 
cently worked as guards being most likely to sting at lower levels of defen- 
sive stimuli. Sensitivity for alarm pheromone can be assayed by observing 
the amount of wing flickering after pheromone application (Collins and 
Rothenbuhler 1978). This assay demonstrated that response thresholds to 
alarm pheromone decrease with age. Response thresholds for alarming 
signals can be also measured by waiving a suede leather patch above the 
top of the frames. This induces stinging and defensive behaviors in a colony. 
Differences in individual response thresholds for this signal have been 
shown for European and Africanized bees (Hunt et al. 2003). Taken together, 
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these experimental findings demonstrate that olfactory response thresh- 
olds correlate with the tasks that a bee performs. 


Sensory Thresholds across Modalities 


Few studies have analyzed sensory thresholds of the same individuals for 
different sensory modalities. Sensory modalities that are probably in- 
volved in the division of labor include taste, olfaction, vision, and touch. 
Sensory sensitivities for different modalities in an insect could hypotheti- 
cally be controlled by neuromodulatory mechanisms that are common to 
all modalities (common sensitivity control). In this case, we would expect. 
that an insect that is sensitive for one stimulus modality (e.g., taste) is also 
sensitive for another modality (e.g., vision). Alternatively, sensory sensitiv- 
ities could be controlled separately for each modality and perhaps even for 
specific submodalities (specific sensitivity control). In that case, we would 
expect individual sensitivity for a specific stimulus quality (e.g., a specific 
pheromone) but not for other sensory signals. 

In honey bees, response thresholds for sucrose were compared with 
thresholds for odors and for visual stimuli. Significant correlations be- 
tween sensitivities across modalities were found. Olfactory thresholds for 
citral were tested in bees in an olfactometer after measuring their gusta- 
tory responsiveness. Bees with low sucrose response thresholds had an 
olfactory threshold that was one order of magnitude smaller than the 
threshold for bees that were less sensitive to sucrose (Figure 15.3B; 
Scheiner, Page, and Erber 2004). The thresholds for visual stimuli were 
tested in a phototaxis assay (Erber, Hoormann, and Scheiner 2006). Bees 
with low sucrose response thresholds had phototactic response thresholds 
that were approximately three times smaller than the phototactic thresh- 
olds of bees with high sucrose thresholds (Figure 15.3C). Taken together, 
these experiments demonstrate that sensory thresholds correlate across 
modalities. Bees that are sensitive to sucrose are also sensitive to water, 
pollen, odor, and light. To date, there has been no unequivocal experimen- 
tal evidence for a stimulus-specific tuning of thresholds. 


Modulation of Sensory Thresholds 


Behavioral response thresholds for different stimulus modalities display 
a remarkable degree of plasticity. Response thresholds for sucrose, for 
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example, change greatly in nectar foragers during the season, whereas the 
thresholds of pollen foragers remain almost constant (Scheiner, Barnert, 
and Erber 2003). These changes in response thresholds of nectar foragers 
are probably related to the changing variety of nectar-offering flowers 
throughout the foraging season. In addition to environmental stimuli, 
pheromones released by hivemates can change response thresholds. Both 
brood pheromone and queen pheromone affect response thresholds to su- 
crose in a complex way (Pankiw and Page 2001, 2003; Pankiw 2004). 

These experiments demonstrate that sensory thresholds can be modu- 
lated by different stimuli in the environment and within the hive. The 
mechanisms behind this modulation of behavior still have to be identified, 
but there is some evidence that hormones and biogenic amines are part of 
these mechanisms. The hormone that has received most attention in stud- 
ies on honey bee behavior in recent years is juvenile hormone, produced by 
the corpora allata (Robinson 1985; Huang, Robinson, and Borst 1994; 
Schulz, Sullivan, and Robinson 2002). Levels of juvenile hormone increase 
before initiation of foraging (Jassim, Huang, and Robinson 2000; Elekonich 
et al. 2001) and treatment with the juvenile hormone analog metho- 
prene leads to precocious foraging (for review see Bloch, Wheeler, and 
Robinson 2002). There is also experimental evidence that juvenile hor- 
mone induces behavioral changes by changing the sensitivity of individu- 
als. Response thresholds to alarm pheromone can be reduced and the 
number of guard bees increased by the application of methoprene (Robin- 
son 1987; Sasagawa, Sasaki, and Okada 1989). Response thresholds to 
sucrose also decrease after topical application of methoprene (Pankiw and 
Page 2003). 

Biogenic amines are important messenger substances that mediate a 
large number of cellular and physiological functions in vertebrates and in- 
vertebrates. In the honey bee, the biogenic amines octopamine, tyramine, 
dopamine, and serotonin have important behavioral functions (for review, 
see Scheiner, Baumann, and Blenau 2006). Octopamine can decrease re- 
sponse thresholds for gustatory stimuli, water vapor, visual stimuli, and 
odors (Mercer and Menzel 1982; Braun and Bicker 1992; Barron, 
Schulz, and Robinson 2002; Scheiner et al. 2002; Pankiw and Page 2003; 
Spivak et al. 2003). Some of the behavioral changes induced by oc- 
topamine and juvenile hormone are probably related, because octopamine 
can stimulate juvenile hormone release under in vitro conditions (Rachin- 
sky 1994), and juvenile hormone treatment can increase levels of octopamine 
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in the antennal lobes (Schulz, Sullivan, and Robinson 2002). Similar to oc- 
topamine, tyramine can also decrease gustatory response thresholds 
(Scheiner, Baumann, and Blenau 2002). Whereas octopamine and tyra- 
mine are only present in very small quantities in the bee brain, dopamine 
and serotonin have been found in considerably higher concentrations (for 
review, see Scheiner, Baumann, and Blenau 2006). The behavioral effects 
of dopamine are often very different and sometimes functionally antago- 
nistic to those of octopamine and tyramine in the honey bee. Injections of 
dopamine, for example, can lead to an increase in response thresholds for 
sucrose and water vapor (Macmillan and Mercer 1987; Blenau and Erber 
1998). Serotonin similarly appears to act functionally antagonistically to 
octopamine in the gustatory and visual systems (Erber, Kloppenburg, and 
Scheidler 1993; Erber and Kloppenburg 1995; Kloppenburg and Erber 
1995; Blenau and Erber 1998). 

The signaling pathways by which juvenile hormone and biogenic amines 
modulate response thresholds are not yet known; however, there is evi- 
dence that the modulation of sensory response thresholds involves both 
cyclic AMP-dependent and cyclic GMP-dependent signaling cascades. 
Gustatory response thresholds, for example, can be decreased by applica- 
tion of 8-Br-cAMP, an activator of cAMP-dependent protein kinase 
(Scheiner et al. 2003). Visual response thresholds are related to Amfor, a 
gene that encodes a cGMP protein kinase (=PKG) in the honey bee, and 
can be decreased by feeding of 8-Br-cGMP (Ben-Shahar et al. 2003). 


Sensory Thresholds and Learning 


Sensory thresholds for different modalities determine how stimuli are per- 
ceived and evaluated by a honey bee. The perception of gustatory stimuli, 
for example, plays a key role when bees forage for nectar, pollen, or water. 
A bee has to identify the foraging resource, it has to evaluate its relative 
value, and it has to associate the location of the resource with signals like 
odor, color, shape, and characteristic landmarks. During this complex pro- 
cess, gustatory stimuli will be the major information source determining 
whether a bee accepts a resource and stores its characteristics in memory 
for further visits. A bee with a low threshold for sucrose might learn the 
characteristics of a food source with a low nectar concentration and store 
the information in memory, while a bee with a high sucrose threshold 
might not respond to the food source at all. It can be hypothesized that 
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response thresholds for sensory stimuli could affect learning and the ex- 
ploitation of available food resources differing in nectar concentration. 

It is known from a number of experiments that bees display many 
different forms of non-associative and associative learning (for review, see 
Menzel and Miiller 1996; Page and Erber 2002; Scheiner, Page, and 
Erber 2004). The relationship between thresholds and learning can be an- 
alyzed under controlled conditions in the laboratory. Nonassociative 
habituation occurs when a bee is repeatedly stimulated at the antenna 
with a low sucrose concentration. After a number of stimulations the bee 
will eventually stop responding (Braun and Bicker 1992; Scheiner 2004). 
Studies in other phyla demonstrated that the perceived stimulus strength 
determines the course of habituation (Thompson and Spencer 1966). In 
bees we should therefore expect differences in habituation of the PER 
in individuals that differ in sucrose thresholds. Recent experiments have 
indeed shown that individuals with high response thresholds to sucrose 
showed fast habituation of the PER (Scheiner 2004), while bees with a 
low sucrose response threshold habituated very slowly. Based on the re- 
sults from laboratory experiments, it can be predicted that free-flying ani- 
mals with high sucrose response thresholds, such as most nectar foragers, 
will rapidly stop probing a food source of low nectar concentration with 
the proboscis. 

During a foraging trip, a free-flying bee can associate the characteristics 
of a profitable food source with a reward provided by that source. The 
odor, color, and shape of a food source are rapidly learned by a bee, in 
addition to landmarks that help to locate the resource. Under controlled 
laboratory conditions, bees can quickly learn to associate an odor with a re- 
ward (Bitterman et al. 1983, Menzel and Miiller 1996), they can be condi- 
tioned to antennal tactile cues (Erber, Pribbenow, et al. 1997; Erber, 
Kierzek, et al. 1998), and their antennal motor activity can be conditioned 
operantly (Kisch and Erber 1999). In all these learning paradigms, bees 
are rewarded by small amounts of sucrose, which they can take up with the 
proboscis. Thresholds for sensory stimuli are involved in several stages of 
these learning processes. The sucrose stimulus is first perceived by anten- 
nal taste hairs, which can elicit proboscis extension if the stimulus exceeds 
the threshold of those taste hairs (Haupt 2004). The stimulus is then per- 
ceived by taste hairs on the proboscis, which control the ingestion of food 
and have higher thresholds than antennal taste hairs (Scheiner et al. 2005). 
During learning, the sensory thresholds for olfactory and tactile cues will 
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determine the perception of those sensory signals that will be associated 
with the reward. Sensory thresholds should, therefore, influence associa- 
tive learning processes in bees. 

There is now good experimental evidence for this hypothesis. Bees 
with low response thresholds to sucrose learn faster and reach a higher 
asymptote of the acquisition function than bees with higher response 
thresholds (Scheiner, Erber, and Page 1999; Scheiner, Page, and Erber 
2001a, b, 2004; Scheiner et al. 2001; Scheiner, Barnert, and Erber 
2003). In addition, retrieval in tests several hours or days after condi- 
tioning is higher in bees with low response thresholds to sucrose than in 
bees with higher thresholds (Scheiner, Erber, and Page 1999; Scheiner, 
Page and Erbert 2001a, b, 2004). Pollen foragers, which are on average 
more responsive to sucrose than nectar foragers, perform better than nec- 
tar bees in associative tactile and olfactory learning (Scheiner, Erber, and 
Page 1999; Scheiner, Page, and Erber 2001; Scheiner, Barnert, and Erber 
2003). 

Older bees generally learn better than younger bees (Pham-Delégue, 
DeJong, and Masson 1990; Ray and Ferneyhough 1997). This correlates 
with respective changes in response thresholds during life (Pankiw and 
Page 1999). The associative learning performance during the foraging sea- 
son also correlates with response thresholds for sucrose stimuli. On aver- 
age, learning performance is high when bees are sensitive to sucrose, 
which is usually the case at the end of the foraging season. At this time, 
sucrose response thresholds of pollen and nectar foragers are similarly low, 
and differences in the associative learning performance of these groups 
disappear (Scheiner, Barnert, and Erber 2003). 

Based on controlled laboratory experiments, one can conclude that 
sensory response thresholds should have a major influence on the forag- 
ing behavior of bees. Bees that are sensitive to sucrose will test a potential 
food source frequently with the proboscis even if it has low sugar concen- 
trations. In the laboratory, such a bee can be conditioned successfully 
even with a water reward. In the field, these bees could function as water 
collectors. Bees with a high sucrose threshold only accept high sucrose 
concentrations as a reward. They will soon stop probing a food source 
with a low nectar yield. These bees could function as nectar collectors, 
bringing back to the hive nectar with high sugar concentrations. These 
hypotheses derived from laboratory experiments are still to be tested in 


the field. 
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Sensory Thresholds, Learning, and the Division 
of Foraging Labor 


The continuous provision of a colony with different types of food is an ex- 
tremely complex task. Foraging has to be adapted to short-, medium-, and 
long-term changes within the colony and in the environment. There is 
good experimental evidence that the modification of response thresholds 
is an excellent way of controlling foraging labor on different time scales. 
Sucrose response thresholds measured in the laboratory depend on 
the genetic background of an individual, on the presence of brood in the 
colony, on pheromone signals within the colony, on weather conditions, on 
season, on the quality of available food sources, and on the actual state of 
an individual. These factors influence the perception of sucrose stimuli 
and, we assume, the perception of other stimulus modalities because the 
thresholds for different modalities are correlated (Figure 15.4). 

In our view, the evaluation of a food source is dominated by gustatory 
stimuli that are perceived by the antennae. Both the response threshold of 
the individual bee and the sugar concentration of the food source will af- 
fect the learning of sensory cues and the formation of memory. There is 
experimental evidence that the difference between the concentration of a 
sucrose reward and the sucrose response threshold of an individual deter- 
mines the acquisition function during learning (Scheiner, Erber, and Page 
1999; see also Figure 15.4). A bee can potentially become a water collector 
when it is highly sensitive to gustatory stimuli and if it accepts a water 
stimulus as a reward. The bee learns the characteristics of this resource by 
associating them with a water reward. As a consequence of this learning 
process, the bee will return successfully to the water source for foraging. A 
bee can potentially become a pollen forager when it accepts low amounts 
of sugar solution as a reward and associates the features of a pollen source 
with this reward. A bee with a high threshold for sucrose can potentially 
become a nectar forager, because it only accepts high concentrations of su- 
crose as a reward. Such a bee will learn the sensory cues of a nectar source 
and will bring back to the hive nectar of high concentration. We hypothe- 
size that the variance in sensory thresholds is a necessary prerequisite for 
bees to learn different types of food or water sources. 

Because bees differ in their sensory response thresholds, their learning 
and their memory formation depend on the sugar concentration of the re- 
ward (Scheiner et al. 2005). Bees with high response thresholds need a 
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Figure 15.4. Schematic diagram of the relations between sensory response 
thresholds across modalities and behavioral responses. In our hypothesis, the 
behavioral responses to gustatory, pollen, olfactory, and visual stimuli depend 
both on the sensory response thresholds for a specific stimulus and the intensity 
of the perceived stimulus. If the difference between stimulus intensity and the 
response threshold of an individual for this modality is greater than 0, the 
behavior is performed. The occurrence of the proboscis extension response 
(PER), for example, depends on the difference between the response threshold 
for sucrose or for pollen and the intensity of the respective stimuli. The 
difference between the concentration of an odor stimulus and the olfactory 
response threshold of an individual determines the response of the bee toward 
the odor in an olfactometer. The difference between the intensity of a light 
source and the individual visual threshold determines the phototactic response of 
a bee toward a light source. Gustatory stimuli function as rewards in associative 
learning. If the difference between gustatory response threshold and sucrose 
concentration of the reward is very high, the probability that an individual learns 
a pollen source, an odor, or possibly a visual stimulus is very high. In contrast, a 
small difference between sucrose concentration of the reward and the gustatory 
response threshold of a bee will result in poor learning. 
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reward with a high sucrose concentration to show the same retrieval as 
bees with low sucrose thresholds that were rewarded with only a low con- 
centration of sucrose. At the moment, it is not clear to what degree asso- 
ciative learning is influenced by the sensory thresholds for other stimulus 
modalities. In this respect, the diagram shown in Figure 15.4 summarizes 
our present working hypothesis. 

The consequences of these results found under laboratory conditions 
have to be tested in experiments with free-flying animals that differ in 
their foraging activity and in their gustatory sensitivity. The laboratory 
findings suggest that there should be differences in learning performance 
and memory formation among bees that collect water, pollen, or nectar. 
These differences in the different forms of learning have, in our view, an 
important affect on the division of labor within a colony. 
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Social Life from Solitary Regulatory Networks: 
A Paradigm for Insect Sociality 


ROBERT E. PAGE JR. 
TIMOTHY A. LINKSVAYER 
GRO V. AMDAM 


HOW DO COMPLEX social systems evolve? What are the evolutionary and 
developmental building blocks of division of labor and specialization, the 
hallmarks of insect societies? In this chapter we describe research into the 
evolution and development of division of labor in the honey bee (Apis mel- 
lifera). In solitary insects, shifts during life history between reproductively 
active and inactive states are associated with widespread changes in physi- 
ological state. In honey bees, variation in the physiological state of workers 
is also associated with variation in behavior. We suggest that worker be- 
havioral specialization and division of labor are based on the modification 
of regulatory networks underlying shifts in reproductive state. 

We begin by describing how studies of the phenotypic and genetic ar- 
chitecture underlying pollen hoarding in honey bees led us to propose a 
link between worker behavioral specialization and reproductive state. 
Next we describe how hormonal systems underlie associations between 
reproductive state and behavior in solitary insects, and how evolutionary 
adoption of these regulators is a plausible foundation for honey bee worker 
behavior. This view is summarized in the reproductive ground plan hy- 
pothesis of social evolution, which explains the link between worker be- 
havior and reproductive state. Finally, we broadly consider the evolution 
of eusociality to elucidate how adoption of ancestral genetic, develop- 
mental, and reproductive physiological machineries can be of general 
importance for emergence of advanced social behavior. 
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The Evolution of Division of Labor in Honey Bees 


Division of labor among worker honey bees is based predominantly on age, 
with individuals progressing through a series of tasks from in-hive tasks to 
foraging (Robinson 1992). Further specialization occurs among foragers 
for pollen or nectar collection. The cumulative efforts of pollen and nectar 
foragers determine colony pollen and nectar stores. Page and Fondrk 
(1995) conducted two-way (bidirectional) selection for the amount of sur- 
plus pollen stored in the comb (pollen hoarding; see also Hellmich, Kulin- 
ceric, and Rothenbuhler 1985). After just three generations, colonies of 
the high pollen hoarding strain contained about six times more pollen, 
demonstrating a strong response to selection. With subsequent genera- 
tions of selection, Page and coworkers studied individual behavioral and 
physiological traits that changed as a result of selection on the colony-level 
phenotype. This enabled them to look for mechanisms at different levels 
of biological organization that causally underlie the differences in the 
colony-level phenotype (Page and Erber 2002). 

One dramatic change that arose was in the age at which bees initiated 
foraging behavior. High-strain bees (workers from the high pollen hoard- 
ing strain) initiate foraging about 10 days earlier in life than low-strain bees 
(Pankiw and Page 2001). High-strain bees are more likely to specialize on 
collecting pollen while low-strain bees are more likely to specialize on nec- 
tar (Page and Fondrk 1995; Fewell and Page 2000; Pankiw and Page 2001). 
High-strain bees are also more likely to collect water, and when they col- 
lect nectar, they accept nectar with lower sugar content than do bees of the 
low strain. Low-strain bees are also much more likely to return empty 
from foraging trips (Page, Erber, and Fondrk 1998). 

Differences in forager pollen load sizes between strains arise through 
their dissimilar responses to pollen foraging stimuli. Fewell and Winston 
(1992) showed that colonies respond to changes in quantities of stored 
pollen by altering the allocation of foraging effort to pollen collection. 
When presented with additional stored pollen beyond what had already 
been stored, colonies responded with a reduction in the number of 
pollen foragers and the sizes of the pollen loads. The opposite effect on 
foraging behavior was observed when stored pollen was removed. Colonies, 
therefore, maintain the amount of stored pollen around a regulated set 
point. Studies by Dreller, Page, and Fondrk (1999) and Dreller and Tarpy 
(2000) demonstrated that foragers directly assess the amount of pollen 
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stored in the combs and adjust their foraging behavior accordingly (also 
see Vaughan and Calderone 2002). The mechanism appears to involve the 
assessment of empty cells near the areas of the nest where larvae and 
pupae are located. Therefore, the regulatory mechanism underlying 
pollen storage involves individual assessment of stored pollen and individ- 
ual “decisions” with respect to what to collect on a foraging trip (Fewell 
and Page 2000). High-strain colonies regulate set point centers around 
much larger quantities of stored pollen than do low-strain colonies. 
Therefore, high-strain bees have a threshold for stored pollen (or empty 
cells near the brood) that is different from low-strain bees. When co- 
fostered in an unselected wild-type colony, high-strain bees perceive the 
amount of stored pollen as being below their optimal set point while the 
low-strain bees perceive it as above theirs. As a result, high-strain bees are 
more likely to forage for pollen and low-strain bees are more likely to for- 
age for nectar. 

High- and low-strain bees also respond differently to changes in pollen 
and brood stimuli in colonies. Young larvae and hexane rinses of young lar- 
vae, which extract pheromones, stimulate pollen-specific foraging behav- 
ior, while stored pollen acts as an inhibitor (Pankiw, Page, and Fondrk 
1998). Pankiw and Page (2001) co-fostered high- and low-strain bees in 
colonies with high- and low-pollen hoarding stimuli. High stimulus colonies 
were experimentally manipulated to contain less stored pollen and more 
larvae than the low stimulus colonies. Foragers in the high stimulus colonies 
were more likely to collect pollen, collected larger loads of pollen, and, 
consequently, collected smaller loads of nectar independent of whether 
they were of the high or low strain. High-strain bees, however, had a 
larger difference in foraging behavior between treatments, demonstrating 
a genotype-by-environment interaction, where high-strain bees were 
more sensitive to the foraging stimulus environment than the low-strain 
bees. 

Such changes in foraging behavior are expected consequences of bidi- 
rectional selection on pollen hoarding. However, high-strain bees are also 
more likely to forage for water than are low-strain bees (Page, Erber, and 
Fondrk 1998), and when they collect nectar they accept nectar with lower 
sugar concentrations. There was no obvious physiological or behavioral 
mechanism to explain these relationships until Page and colleagues looked 
at the responses of pollen and nectar foragers to sucrose solutions. Bees 
respond reflexively to antennal stimulation with sucrose by extending the 
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proboscis. Page et al. used a series of solutions with increasing sucrose 
concentrations to determine the sucrose responses of wild-type pollen and 
nectar foragers. The results were surprising: pollen foragers were more 
likely than nectar foragers to respond to water and lower concentrations of 
sucrose. 

The sucrose sensitivity of pollen and nectar foragers might be related 
to the physiological status of the bees. Pollen foragers could be compar- 
atively depleted of blood sugars as a result of their foraging activity and, 
therefore, more responsive. However, sucrose sensitivity might also be a 
property of the neural states of the animals, which then in turn result in 
differences in foraging behavior. Thereby, sucrose sensitivity would be 
an indicator of potential foraging behavior. To distinguish between these 
two alternative hypotheses, high- and low-strain bees were tested for 
sucrose sensitivity when they were no more than a week old, before they 
initiated foraging (Page, Erber, and Fondrk 1998). High-strain bees were 
more responsive to sucrose solutions and water at this early age, suggest- 
ing that selection for pollen hoarding had changed a fundamental prop- 
erty of the sensory-response system with consequences at the level of 
foraging behavior. Subsequent studies have shown that differences in 
water and sucrose responses exist between the selected strains at adult 
emergence, 2 to 3 weeks before the bees initiate foraging (Pankiw and 
Page 1999). 

If water and sucrose responses are indicators of differences in neural 
states related to nectar and pollen foraging, then it should be possible to 
also assay wild-type bees when they emerge as adults and predict their for- 
aging behavior 2 to 3 weeks later. Pankiw and Page (2000) tested wild-type 
bees for their responses to water and sucrose when they were less than a 
week old. Bees were marked for individual identification, placed back into 
their colony, and returning foragers were collected and their foraging loads 
analyzed. Bees that were the most responsive to water and sucrose solu- 
tions when they were 5 days old were the most likely to collect water on a 
foraging trip. The next most responsive group collected pollen, followed 
by both pollen and nectar, nectar exclusively, and the least responsive group 
was most likely to return to the nest empty (Figure 16.1). Thus, responses 
to sucrose and water can be said to be reliable indicators of the neural 
states of bees and used to predict foraging behavior. This result has been 
confirmed in additional, independent studies by assaying newly emerged 
bees (Pankiw 2003; Pankiw et al. 2004). 


Social Life from Solitary Regulatory Networks 361 


1.5 


2 
2 0.5 
[e] 
foe 
D 
i= 
Š 0 
” 
O 
S 
7 as 


Empty Both Nectar Pollen Water 


Figure 16.1. Sucrose responses of 1-week-old bees predict their foraging 
behavior later in life. The x-axis shows the foraging material collected by the 
bees when they have reached foraging age. The y-axis shows the lowest sucrose 
concentrations (Log10) at which 1-week-old bees responded with proboscis 
extension. Bees with the highest sucrose responsiveness (i.e., the lowest 
threshold) at young age are more likely to later forage for water or pollen. 
Individuals with low sucrose responsiveness (i.e., a high threshold) are more 
likely to later collect nectar, nectar and pollen, or to return empty (data from 
Pankiw and Page 1999). 


In general, bees with high responsiveness to sucrose, like the high-strain 
bees and pollen foragers, learn faster and reach a higher asymptote of 
learning than bees with that are less responsive (Scheiner, Erber, and Page 
1999; Scheiner, Page, and Erber 2001a, b, 2004; Scheiner et. al. 2001; 
Scheiner, Barnert, and Erber 2003). This is because learning performance 
is related to the evaluation of the sucrose stimuli used during conditioning, 
which can be measured as a response threshold to sucrose solution (Page, 
Erber, and Fondrk 1998; Pankiw and Page 2000; Scheiner, Erber, and 
Page 1999; Scheiner, Page, and Erber, 2001b; Scheiner, Barnert, and Erber 
2003; Scheiner and Erber, this volume). In accordance with these findings, 
high-strain bees and pollen foraging wild-type bees perform better on tac- 
tile and olfactory associative learning tests than do low-strain bees and 
nectar foragers (Scheiner, Erber, and Page 1999; Scheiner, Page, and Erber 
2001a, b). 
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Responsiveness to sucrose also correlates with locomotor activity when 
bees first emerge as adults. Humphries, Fondrk, and Page (2005) tested 
locomotion in newly emerged wild-type bees by measuring their walking 
activity in an enclosed arena, and then determined their response to su- 
crose using the proboscis extension response protocols. The more active 
bees were also more responsive to sucrose. High-strain bees, furthermore, 
were more active than low-strain bees, consistent with the results from 
wild-type bees. 

Sensory sensitivity and activity levels in response to stimuli associated 
with food, mating, and oviposition sites change through the reproductive 
cycle of solitary insects (reviewed by Amdam et al. 2004). Such associa- 
tions motivated studies on correlations between the reproductive physi- 
ology and behavior of worker bees. Worker bees from the high-strain 
group have larger ovaries (more ovarioles per ovary) than do workers 
from the low-strain group (Amdam et al. 2006). Wild-type workers that 
forage for pollen likewise have more ovarioles per ovary than do those 
that collect nectar. Wild-type bees that return empty from foraging trips 
(“unsuccessful” foragers) have the fewest ovarioles (Figure 16.2), in ac- 
cordance with abovementioned trait associations of the low-strain work- 
ers. Wild-type workers with larger ovaries forage earlier in life than those 
with smaller ovaries (Amdam et al. 2006). Wild-type workers with more 
ovarioles are more responsive to low concentration sucrose solutions 
than those with fewer ovarioles (Tsuruda, Amdam, and page forthcom- 
ing), thus linking the whole suite of traits discussed above with ovary size 
and, thereby, the full phenotypic syndrome of high-strain bees. Ovariole 
number is determined during larval development, about 3 to 5 days 
after hatching. Therefore, events that take place during this period 
that result in variation in ovariole numbers in workers shape the subse- 
quent behavior of worker honey bees. This is manifested in specialization 
and division of labor and, in the absence of the queen, oogenesis and 
oviposition. 


Genetic Architecture of Pollen Hoarding 


Genetic mapping studies have been used to elucidate the genetic basis of 
the phenotypic differences between the high and low pollen hoarding 
strains. These studies revealed four major quantitative trait loci (QTL) that 
explain a significant amount of the phenotypic variance for pollen hoarding 
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Figure 16.2. The relationship between ovariole number and the probability of 
returning empty to the nest from presumably the first foraging trip. Bees with 
the fewest ovarioles are more likely to return empty both in the group of young 
bees (9-18 days old) and in the group of older workers of more typical foraging 
age (18-28 days old). The difference is less apparent in the first group, probably 
because of a higher probability of randomly obtaining empty nonforagers when 
sampling from a population of workers younger than the typical foraging age of 
bees. 


and foraging behavior (Hunt et al. 1995; Page et al. 2006; Rueppell et al. 
2004; Rueppell, Pankiw, and Page 2004). The genetic architecture of pollen 
hoarding and foraging behavior is complex (Figure 16.3). All QTL have 
pleiotropic effects on multiple traits associated with pollen and nectar forag- 
ing, thus providing an explanation for the correlative association of this set of 
traits. They are also richly epistatic, interacting with one another in complex 
ways. All individual QTL and most of their interactions affect pollen and 
nectar load sizes. All individual QTL also affect concentration of nectar col- 
lected. The pln1 region is especially interesting because it has a demon- 
strated direct effect on all behavioral traits. The combination of these QTL 
studies and the completed honey bee genome sequence and annotation pro- 
vide informed candidates for future studies of the genetic basis for variation 
in pollen hoarding and foraging behavior. A recent analysis proposed that 
positional candidate genes involved in endocrine signaling provide the most 
coherent explanation for the syndromes (Hunt et al. 2007). 
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Figure 16.3. Complex genetic architecture of traits associated with foraging 
behavioral differences between the high and low pollen-hoarding strains of 
Page and Fondrk (1995). Arrows indicate significant effects involving the four 
major Quantitative Trait Loci (pln1-pln4). Interactions between QTL indicate 
epistasis and effects on multiple traits indicate pleiotropy. 


Hormonal Signaling Cascades 


The suite of traits that vary with foraging behavior include ovary size, tem- 
poral behavioral development, sensory modulation, and motor response 
systems. The genetic architecture of this set of traits suggests an interac- 
tive regulatory network that operates on biological systems at multiple 
levels of organization in a time scale of days and weeks, thus making hor- 
monal signaling cascades prime causal candidates for modulating the 
differences between pollen and nectar foragers. 


Classical Endocrine Factors 


Ecdysone and juvenile hormone (JH) are key hormonal modulators of in- 
sect behavior (Hartfelder 2000), Ecdysone is produced by the prothoracic 
gland during larval and pupal development, and by the ovary during the 
adult stage. JH is a growth hormone produced by the corpora allata of 
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insects (Hagenguth and Rembold 1978). JH has been hypothesized to play 
an important role in honey bee division of labor by pacing age-related 
changes in behavior, especially the transition to foraging (Robinson 1992; 
Robinson and Vargo 1997). Many studies have demonstrated elevated 
blood titers of JH in foragers relative to bees that perform tasks in the nest 
(e.g., Robinson 1987; Huang and Robinson 1992; Huang, Robinson, and 
Borst 1994; Sullivan, Jassim, et al. 2000; Sullivan, Fahrbach, et al. 2003). 
Treatment with the JH analog methoprene results in bees initiating forag- 
ing behavior earlier in life (for review see Bloch, Sullivan, and Robinson 
2002) and increases sucrose responsiveness in young bees (Pankiw and 
Page 2003), suggesting that JH plays a role in sensory modulation. 

Overall, JH correlates with age-based changes in honey bee behavior 
and sensory sensitivity, but does it pace behavioral development? Sullivan 
et al. (2000, 2003) removed the corpora allata from newly emerged bees. 
The allatectomized workers initiated foraging at about the same time as 
the control bees, suggesting no effect on the transition to foraging. In an- 
other study, worker honey bees from the high and low pollen hoarding 
strains initiated foraging at different ages and also differed in JH titer at 
adult emergence; however, their JH titer was not different 12 days later, 
just prior to the initiation of foraging (Schulz et al. 2004). Thus, it is clear 
that JH is not necessary for behavioral development, but that treatments 
with JH and JH analog nonetheless have behavioral effects. 


Endocrine Effects of Vitellogenin 


Vitellogenin provides a possible alternative endocrine pathway for the de- 
velopment of pollen foraging. Vitellogenin is a major yolk precursor in 
many insects (Babin et al. 1999) and is also the most abundant hemolymph 
protein in worker bees that perform tasks in the nest prior to foraging 
(Engels and Fahrenhorst 1974; Fluri, Sabatini, et al. 1981; Fluri, Liischer, 
and Gerig 1982). Recent studies have shown that vitellogenin gene activity 
suppresses the JH titer of worker bees (Guidugli et al. 2005). Conversely, 
JH is known to suppress the synthesis of honey bee vitellogenin at onset of 
foraging (Pinto, Bitondi, and Simões 2000). These data suggest that the 
two proteins are linked in a positive feedback loop via a mutual ability to 
suppress each other. Amdam and Omholt (2003) hypothesized that forag- 
ing behavior is initiated when vitellogenin titer drops below a certain 
threshold level. The feedback action of JH on vitellogenin could be a 
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reinforcing mechanism that causes workers to become behaviorally and 
physiologically locked into the forager stage. 

In support of Amdam and Omholt’s hypothesis, Nelson et al (2007) 
found that reduction of vitellogenin gene activity by RNA interference 
(RNAi) caused bees to forage earlier in life. Amdam et al. (2006) demon- 
strated that vitellogenin RNAi increases the sucrose responsiveness of 
worker bees, and suggested that honey bee vitellogenin modulated behav- 
ior and sensory sensitivity via a signaling pathway that includes JH as a 
downstream feedback element. 

Honey bee vitellogenin is produced by the abdominal fat body, but evi- 
dence suggests that this protein triggers responses in other cell types 
(Guidugli et al. 2005), implying that vitellogenin itself can be classified as a 
hormone. The documented effects of JH and JH analog treatments, there- 
fore, can be understood as results of suppressed vitellogenin action (Amdam 
et al. 2006). 


Reproductive Ground Plan—A Synthesis 


Associations between foraging behavior and traits such as vitellogenin 
level, ovary size, and rates of behavioral development suggest that divi- 
sion of labor and particularly foraging specialization in honey bees are de- 
rived from the reproductive regulatory networks of solitary ancestors. 
Amdam et al. (2004) proposed that the suite of traits associated with for- 
aging behavior and their underlying genetic architecture were part of a 
reproductive regulatory network (see also West-Eberhard 1987b, 1996). 
In solitary insects, different stages of the female reproductive cycle (pre- 
vitellogenesis, vitellogenesis, oviposition, and brood care) are linked and 
involve coupled physiological and behavioral changes (Finch and Rose 
1995). JH and ecdysone are key hormones controlling vitellogenesis in 
many insect species (e.g., Socha et al. 1991; Hiremath and Jones 1992; 
Brownes 1994); in addition, they regulate behavioral transitions associ- 
ated with changes in reproductive state, such as the shift from foraging 
for nectar in previtellogenic females to protein foraging in vitellogenic in- 
dividuals, as occurs in the mosquito Culex nigripalpus (Hancock and Fos- 
ter 2000). JH and ecdysone also modulate changes in sensory perception, 
locomotor activity, and reproductive physiology (Zera and Bottsford 
2001)—traits that have been shown to be different in workers from the 
high and low pollen hoarding strains and in wild-type pollen and nectar 
foragers. 
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In solitary insects, hormonal effects on reproductive traits typically act 
in mature adults following a pre-reproductive phase where the animals 
may enter diapause or aestivate and disperse (Hartfelder 2000). In honey 
bees, however, these hormonal signals seem to have shifted in time 
(Amdam et al. 2004), occurring in the late pupal stages where they activate 
the production of vitellogenin (Barchuk, Bitondi, and Simões 2002). Dif- 
ferential amplitude of JH titers are observed in newly emerged high and 
low pollen hoarding bees where high-strain workers have higher titers of 
JH (Schulz et al. 2004). This elevated titer correlates with a higher level of 
vitellogenin mRNA and a higher vitellogenin hormone titer in the blood 
(Amdam et al. 2004). Compared to the low-strain bees, workers of the high 
pollen hoarding strain have more ovarioles, which already show an active 
previtellogenic ovarian phenotype at adult emergence (Amdam et al. 
2006). It has been proposed that if such documented markers of JH and 
ecdysone action are present early in honey bee adult life (Figure 16.4), 
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Figure 16.4. A time course of blood hormones and vitellogenin titers from early 
to late pupal stages (P0-P8) through emergence (E) and into mature adults 
with activated ovaries (O) in solitary insects (upper panel), compared to honey 
bee development (lower panel) (from Pinto et al. 2000; Barchuk et al. 2002). 
Amdam et al. (2004) hypothesized that the spikes of hormone titers linked to O 
in solitary insects has shifted in time in social insects and is homologous with 
the increases in titer observed at E in honey bee workers. 
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then pleiotropic effects on behavior may have shifted from later life-stages 
as well (Amdam et al. 2004), as demonstrated by the differences in sensory 
responses and locomotor activity of high- and low-strain bees and the cor- 
relation of locomotor and sensory responses in wild-type workers. 

The recent finding that ovariole number correlates with sensory re- 
sponsiveness in wild-type bees (Tsuruda, Amdam, and page forthcoming), 
and the known association between such sensory responses and foraging 
behavior 2 to 3 weeks later, suggest that gonotropic events in young bees 
have persistent effects on adult behavior. High-strain bees and pollen for- 
agers seem to be similar to ancestral gono-active females, while low-strain 
bees and nectar foragers are like gono-inactive females. These insights 
have been summarized in the “reproductive ground plan” hypothesis of 
social evolution (West-Eberhard 1987b, 1996; Amdam et al. 2004). The 
hypothesis proposes that the genetic and hormonal networks that govern 
reproductive development, physiology, and behavior in solitary species rep- 
resent a fundamental regulatory system with the capacity to serve as the 
basis for the evolution of social phenotypes. We discuss next how evolu- 
tionary modification of pre-existing developmental, endocrine, and be- 
havioral building blocks can lead to the evolutionary origin and elaborate 
on the two traits fundamental to eusociality: sib-care and queen-worker 
caste dimorphism. 


Evolution of Eusociality 


Origin of Eusociality 


It is commonly accepted that sib-care behavior expressed by helper females 
toward the sibling brood is homologous with and evolutionarily derived 
from maternal care behavior expressed toward offspring (West-Eberhard 
1987a; Alexander, Noonan and Crespi 1991). In the heterochrony model 
for the origin of eusociality, sib-care behavior expressed in helpers is the re- 
sult of the modified, early expression of genes for maternal care (Linksvayer 
and Wade 2005). In the ancestral condition, maternal care behavior is ex- 
pressed as one of the final steps in a coordinated series of physiological and 
behavioral changes that occur through reproductive development (West- 
Eberhard 1996). In the derived condition, the timing of expression of 
maternal care behavior is altered so that this behavior is expressed pre- 
reproductively toward siblings instead of post-reproductively toward 
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offspring. Under this model, the evolution of the capacity for females to 
provide care pre-reproductively toward their siblings is a first step in the 
evolutionary origin of eusociality from subsociality (Linksvayer and Wade 
2005). The next step involves the regulation of the timing of expression of 
genes for maternal care behavior so that eusocial colonies produce both 
helper females and fully-reproductive females. 

As discussed above, in both queen and worker honey bees there is a 
shift in the timing of hormonal signals involved in activating ovaries rela- 
tive to solitary insects, from post- to pre-emergence (Amdam et al. 2004). 
Because behavior and gonotropic cycle are linked, this shift may be re- 
lated to the heterochronous shift in behavior hypothesized for the origin 
of sib-care. That is, the evolution of the capacity of females to provide 
care pre-reproductively may be associated with a shift in the timing of 
hormonal signals in all females (i.e., both reproductive “queen” pheno- 
types and helper “worker” phenotypes) so that the hormonal shift observed 
in highly social honey bees may be the result of ancient evolutionary 
events. Early ovary activation and vitellogenesis may also increase the re- 
productive potential of young queens and provide young worker bees 
with a source of protein that can be converted into larval food (Amdam 
et al. 2003, 2004). Thus, timing of hormonal signals and the physiological 
and behavioral responses observed in highly social honey bees may be the 
result of evolutionary modification associated both with the origin of eu- 
sociality as well as more recent evolutionary elaboration associated with 
increased colony size and social complexity. Comparative studies using 
other eusocial, as well as subsocial, aculeate Hymenoptera will elucidate 


these hypotheses. 


Elaboration of Eusociality 


After the origin of eusociality, among-colony selection would likely favor 
the evolutionary divergence of helper and reproductive phenotypes, if the 
result was a more efficient division of labor. However, this divergence is 
initially constrained because of their common genetic basis; maternal care 
and sib-care are, theoretically, influenced by the same set of genes, so the 
two traits cannot evolve independently (Linksvayer and Wade 2005). 
Therefore, evolutionary modification of the genetic basis of maternal and 
sib-care through gene duplication (Gadagkar 1997), or more simply caste- 
specific gene expression, can enable these phenotypes to diverge. Yet even 
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in highly social taxa such as honey bees, many genes have pleiotropic ef- 
fects on queen and worker phenotypes, which is expected given that these 
phenotypes are derived from common genetic, physiological, and behav- 
ioral building blocks (West-Eberhard 1996; Amdam et al. 2004, 2006; 
Linksvayer and Wade 2005). 

Polyphenisms such as reproductive caste in social insects are thought to 
be derived from phenotypically plastic traits, using preexisting physiolog- 
ical and endocrine developmental mechanisms (Nijhout 2003). The evo- 
lution of discrete castes involves the elaboration and conversion of 
preexisting phenotypic plasticity to phenotypic differences between 
castes. This occurs in part through the evolutionary modification of en- 
docrine and developmental mechanisms that are sensitive to environmen- 
tal conditions (Wheeler 1986; West-Eberhard 1987a, 1996). Just as the 
timing of expression of maternal care behavior is affected by both intrin- 
sic and extrinsic factors, so are traits associated with reproductive caste 
such as ovary size and body size. Larval genes affect developmental re- 
sponses to environmental conditions (such as nutritional quality and 
quantity). For example, the sensitivity of the developmental switch of 
caste determination is influenced by genes affecting the endocrine re- 
sponse to nutritional signals (Wheeler 1986). Additionally, the environ- 
mental conditions of developing larvae are determined by the social 
milieu of the colony provided by nestmates, and this social environment is 
influenced by genes expressed in sibling brood, sibling helpers, and the 
queen (Linksvayer and Wade 2005; Linksvayer 2006). The evolution of 
distinct developmentally canalized queen and worker phenotypes then in- 
volves evolutionary fine-tuning of both the social environment and the 
developmental response. 

In subsocial animals with extended maternal care, the evolution of ma- 
ternal and brood phenotypes has been considered as a co-evolutionary 
process (Wolf and Brodie 1998; Agrawal, Brodie, and Brown 2001; Köl- 
liker, Brodie, and Moore 2005). After the origin of eusociality, a third class 
of social partners, adult helper females, is added, so that social insect phe- 
notypes are influenced by the genomes of three types of interacting social 
partners: brood, workers, and queens. The evolution of phenotypes in eu- 
social colonies (e.g., those associated with reproductive caste) can be 
considered as the co-evolution of queen, worker, and brood phenotypes 
(Linksvayer and Wade 2005; Linksvayer 2006). 
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Conclusion 


We suggest here that complex social behavior as found in eusocial insects 
is derived from reproductive regulatory networks common to all insects. 
Small changes in the timing of expression of maternal care behavior may 
be all that is needed to form reproductive and nonreproductive pheno- 
types, the basis of eusociality. Additional evolutionary modification of hor- 
monal networks regulating development, reproduction, and maternal care, 
and tuning of the developmental environment through modification of the 
behavior of social partners, may produce the amazingly diverse and com- 
plex insect societies that we continue to admire. 
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Social Brains and Behavior—Past 


and Present 
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SOCIAL BEHAVIOR IS AMONG the most remarkable of evolutionary ad- 
vances (Maynard-Smith and Szathmary 1995), and group life is a phyloge- 
netically widespread behavioral phenomenon that has led to numerous 
changes at the individual level. Because the nervous system generates and 
controls behavior, the evolution of social life presumably incorporates both 
previous and current adaptations of the neural substrate, including struc- 
tural and physiological changes of the brain. The consequence easiest to 
measure is a change in brain size. 

In the vertebrate literature since the 1950s, the “social brain hypothe- 
sis” has emerged as an alternative to the ecological hypothesis’ ex- 
planation of the allometrically unexpected large brains of primates 
(“encephalization,” Jerison 1973; Barton and Harvey 2000). The social 
brain hypothesis suggests that the intelligence of primates, especially 
their increased neocortex size, is primarily an adaptation to the special 
complexities of primate social life (Dunbar 2003). This theory is sup- 
ported by the correlation between social complexity (often measured as 
group size) and neocortex size in many taxa such as primates (Dunbar 
and Bever, 1998), bats (Barton and Dunbar 1997), dolphins (Marino 
1996), and birds (Burish, Kueh, and Wang 2004). The basic argument of 
the social brain hypothesis is that the need to deal with complex in- 
formation required for social organization is the main selective pres- 
sure favoring an increase in neocortex size (Dunbar and Bever 1998; 
Adolphs 2003). 
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Relevance of the Social Brain Hypothesis 
for Social Insects 


Although some of the most advanced animal societies are found among in- 
sects, a theory comparable to the social brain hypothesis in vertebrates 
does not exist for social insects. This probably reflects the major difference 
in the patterns of social evolution: in mammals, evolution results in indi- 
vidualized societies where social interactions require the recognition of an 
individual's behavior and a memory of previous encounters (de Waal and 
Tyak 2003). Hence, social vertebrates require large brain capacities for 
processing additional and more complex information related to cognitive 
aspects of their social life. In contrast, in large eusocial colonies social in- 
sect evolution has led to a substantial reduction in individual behavioral 
repertoires associated with individual specialization. Nevertheless, it tradi- 
tionally has been accepted that social interactions and communication re- 
quire advanced neuronal processing power in social insects as well. For 
example, generating or “reading” a honey bee waggle dance certainly re- 
quires additional sensory, learning, and motor skills in comparison to soli- 
tary insects. 

Task specialization is the hallmark of insect societies. One would expect 
a concomitant specialization of social insect brains and, as specialized 
members of advanced social insect species are less pluripotent than soli- 
tary insects, the size of their brains may actually be reduced compared to 
solitary insects of the same size. We propose therefore that two opposing 
tendencies affect brain size evolution in social insects (Figure 17.1). As in- 
sects advance from solitary to communal life we expect an increase in 
brain size similar to that found in social vertebrates. However, the evolu- 
tion of more complex societies with an increase in individual task special- 
ization should lead to a decrease in brain size. 

Despite this general tendency for brain-computing power requirement, 
evolution does not act on overall brain size per se in either vertebrates or 
insects. Instead, evolution increases brain components that underlie spe- 
cific sensory, motor, or cognitive skills particularly important in a social en- 
vironment and in turn reduce brain components that underlie tasks that 
the respective individuals do not have to perform. For example, on the one 
hand, workers in general may reduce neural tissue involved in courtship 
and reproduction, and a leaf-cutting ant worker dedicated to tending 
fungus may not need sensory and motor skills and the brain components 
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Figure 17.1. Sketch indicating the hypothetical correlation between brain mea- 
sures (e.g., overall brain size, size of particular brain compartments, or number 
of neurons) and degree of a species’ social organization. As basal social systems 
evolve from solitary insects, the brain is thought to increase in size to allow pro- 
cessing of social signals and more complex interactions. In species with 
advanced division of labor, individuals can be highly specialized on certain tasks 
and thus do not need the full behavioral repertoire of the species. The 
reduction in repertoire is hypothesized to go along with reduction in brain 
measures. 


required for outside foraging. On the other hand, the sophisticated cogni- 
tive abilities of some social insects require that brain components underly- 
ing advanced social behavior such as communication should be enlarged or 
otherwise enhanced. We would, therefore, expect differential expansion or 
reduction of particular brain components in different social insect castes 
and subcastes and in species with more or less worker task specialization. 

How does brain size vary with sociality in insects? In the mid-18th cen- 
tury, a general trend was discovered for basal taxa across the animal king- 
dom (most of which are solitary) to have smaller brains compared to more 
advanced crown groups. The evolutionary increase of brain size and com- 
plexity in general allows animals to better cope with and exploit complex 
environments (Bernays and Wcislo 1994; Roth and Dicke 2005). Accord- 
ingly, advanced aculeate Hymenoptera, which include all social Hy- 
menoptera, have considerably larger brains or brain components than the 
more basal Hymenoptera (symphyta; Figure 17.2c; Flégel 1878; von Alten 
1910; Hanstrém 1928). 
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Figure 17.2. Schematic drawings of brains of a cockroach (a), a termite (b), a 
sawfly (c), an ichneumonid wasp (d), a leaf-cutting bee (e), a carpenter bee (f) 
and a bumblebee (g). Major brain neuropils indicated: medulla (me), lobula 
(lo), antennal lobe (al), central body (cb), mushroom body (mb). Not drawn to 
scale. Based on (a) Strausfeld et al. 1998; (b) Kühnle 1913; (c-f) von Alten 
1910. 


Besides phylogenetic correlations, relative brain size also correlates with 
body size, such that brains of larger animals generally make up a smaller 
portion of overall body weight. This would suggest that brains are relatively 
more costly for smaller species or individuals, as maintaining brain tissue is 
energetically costly (Aiello and Wheeler 1995; Laughlin, de Ruyter van 
Steveninck, and Anderson 1998; Laughlin 2001). This relationship has been 
repeatedly examined in vertebrates (e.g., Jerison 1969) and also holds for 
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Figure 17.3. Head and brain size in a relatively large ant (Atta sexdens) major 
worker and a relatively small ant (Forelius pruinosus). (a): Scanning electron 
micrograph of opened head capsule; (b): montage of head photograph and 
brain micrograph; image b is reduced in c to match magnification of a. Note 
different scale bars in a and c versus b. 


social insects (e.g., ants; Cole 1985; Jaffe and Perez 1989; Wehner, Tsukasa, 
and Isler 2007). The brain of the small ant Forelius pruinosus (Figures 
17.3b, 17.3c) makes up a substantial part (37%) of the overall head volume, 
whereas in a larger worker of the ant Atta sexdens (Figure 17.3a) the brain 
is just a small fraction (less than 5%) of the head volume. Obviously, differ- 
ences in brain size are even more pronounced when comparing large social 
bees (e.g., honey bees or bumblebees, Figure 17.4a, 17.4c) with ants (Fig- 
ure 17.4d, 17.4f). Generally, brains of social insects range between less than 
0.4% (large bumblebees) to more than 5% of body weight (small ants; 
Figure 17.3b), with the highest published number of 31% for an ant (Jaffe 
and Perez 1989). For comparison, in mice, the brain weighs about 3.2% of 
the body; in cows, roughly. 0.1%; and in fin whales, less than 0.01%. 


Structure and Function of Social Insect Brains 


Studies on insect brains mostly deal with general neurobiological as- 
pects and only a small portion address social questions. Of the social 
insects, honey bees (Figure 17.3a) have been the primary focus of 
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Figure 17.4. Hymenopteran brains, frontal views. (a) Honey bee worker (Apis 
mellifera); (b) yellow-faced bee (solitary bee, Hylaeus sp.); (c) bumblebee 
(Bombus impatiens, large worker) (montage of two sections); (d) seed 
harvesting ant (Pogonomyrmex rugosus, worker); (e) male (f) carpenter ant 
(Camponotus festinatus). In (b) to (d) left and right half of the images represent 
different depths. Optic lobes lamina (la), medulla (me), lobula (lo); antennal 
lobe (al); central body (cb); mushroom body (mb). osmium-stained material 


(a-d); sections shown in (b) courtesy of Birgit Ehmer. Note that optic lobes are 
small in ants. 


neuro-ethological studies because of their elaborate behavioral reper- 
toires, including communication and learning, their year-round availabil- 
ity, and their brain size, which is amenable to physiological studies. Fewer 
studies have been concerned with the brains of other social insects, such as 
wasps (Figure 17.2c, 17.2d, 17.4b), ants (Figure 17.4d-f), and termites 
(Figure 17.2b), and what we do know about their brains is mostly from 
early descriptive anatomical studies (e.g., Flégel 1878; von Alten 1910). 
Except for a comparative study on the physiological bases for color vision 
in different bee genera (Peitsch 1992) and electrophysiological work on 
neurons involved in a specialized mandible reflex in ants (Gronenberg 
1995; Just and Gronenberg 1999), neurophysiological experiments have 
been performed only on honey bee brains (e.g., Homberg 1985; Hammer 
1993; Galizia and Menzel 2001). 

The brain (in the wider sense) comprises a matrix of neuronal processes 
into which several distinct compartments are embedded: the optic lobes pro- 
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cess visual information, the antennal lobes process olfactory information, 
and the mushroom bodies and the central complex are higher integrative 
centers. While there are some quantitative differences among the brains of 
bees, ants, and social wasps, the principal design of their brains is similar 
(Figure 17.2, 17.4). One distinction in most ant workers is that the eyes and 
visual parts of the brain are reduced (Figure 17.4d-f). The anatomy of ter- 
mite brains differs significantly from that of Hymenoptera; workers lack eyes 
and visual neuropiles (Figure 17.2b). Termite brains more closely resemble 
those of cockroaches (Figure 17.2a; Hanstrém 1928). 

As mentioned above, overall brain size may give some clues as to learning 
capabilities and cognitive abilities in related species when corrected for the 
body-size trend (Rensch 1956). Particular brain components, such as the ce- 
rebral cortex in mammals, show a better correlation with behavioral or 
cognitive abilities than overall brain size (Rensch 1956; Jerison 1973). A 
comparison of Hymenopteran brains (Figure 17.2c-g) shows that the visual 
and olfactory brain centers can be quite substantial in the basal symphyta 
(Figure 17.1c), while the mushroom body is much more prominent in ac- 
uleate crown groups and in particular in social Hymenoptera (Figure 17.1g). 


Sensory Processing 


Social insects are best known for their extensive pheromone communica- 
tion, which, besides multiple pheromone glands, requires an advanced ol- 
factory system to decode not only ordinary odors but also pheromone 
messages to bring about appropriate behavior (Peeters and Liebig, this 
volume). Briefly, general odors and pheromones are perceived by sensory 
neurons in the antennae, which send their axons into the antennal lobes 
(Figure 17.2, 17.4). Antennal lobes comprise spherical subunits called 
glomeruli that represent particular aspects of an odor or pheromone com- 
ponents (Kleineidam and Rossler, this volume). While pheromone com- 
munication is paramount across social insects, pheromone processing 
pathways are not well understood in social insects (Peeters and Liebig, this 
volume) and have been studied mainly in moths (Christensen and Hilde- 
brand 2002; but see Kleineidam and Rössler, this volume). 

The use of pheromones is a hallmark of social insect communication, 
but there are also sophisticated behaviors in some social insects that are 
based on visual cues in part or entirely. Visual orientation and landmark 
recognition are particularly important for social insects that rely on naviga- 
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tion to exploit often remote food sources and return to central nests; bees 
and wasps find their nests visually (Tinbergen 1958). The use of landmarks 
and the polarization pattern of the sky has been most extensively studied in 
honey bees (Wehner and Menzel 1990; Collett and Collett 2000) and some 
ants (e.g., Hélldobler 1980; Fukushi 2001; Banks and Srygley 2003; Wehner 
2003). Honey bees “report” to nestmates the estimated distances and di- 
rections to food sources during the waggle dance (von Frisch 1967) and 
use visual flow field pattern to estimate flight velocity, distances flown, and 
angles with respect to the sun position (Esch and Burns 1996; Si, Srini- 
vasan, and Zhang 2003; Chittka 2004). Novice bees have to learn and to re- 
member their environment, starting with orientation flights at successively 
increasing distances from the nest until they actually start foraging (Ca- 
paldi and Dyer 1999), and ant foragers remember their nest environment 
in the same way (Jander 1957; Rosengren 1971). Honey ants (Myrmeco- 
cystus) likewise rely on visual cues when judging the strength of opponent 
colonies during tournaments (Hölldobler and Wilson 1990). Recently, it 
has been discovered that paper wasps (Polistes dominulus, P. fuscatus) are 
able to discriminate individual facial patterns (Tibbetts 2002, 2004). This 
ability is involved in nestmate recognition or assessment of nestmate dom- 
inance and is reminiscent of primate face recognition. 

As suggested by the many different visual cues used by social insects, pro- 
cessing of visual information is complex and requires major neuronal re- 
sources. Bees, wasps, and some ants have prominent optic lobes (the lamina, 
the medulla, and the lobula, respectively), whose architecture has been 
known since the late nineteenth century (Kenyon 1896; reviewed by Straus- 
feld 1989). Visual interneurons show complex responses such as color- 
opponent (Hertel 1980; Yang, Lin, and Hung 2004) or movement-specific 
responses (Ibbotson 1991), and response properties of individual neurons 
may change depending on where in the visual field a stimulus occurs or how 
often it has been presented (Paulk and Gronenberg 2005). Nevertheless, we 
are still far from being able to explain even simple visual behaviors in terms 
of their underlying neuronal substrate at any level of the brain. 


Advanced Multisensory Integration 


Two brain components are involved in higher order processing, the central 
body and the mushroom bodies. The central body (Figure 17.2, 17.4) is 
thought to coordinate movement of left and right legs (Strauss and 
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Heisenberg 1993) and is particularly elaborate in insects that perform 
complex leg movements (Strausfeld 1999) such as comb- or nest-building. 
Navigational control has been suggested as another function, based on the 
responses of some central complex neurons to polarized light (Vitzthum, 
Muller, and Homberg 2002) and the correlation of some central body neu- 
rons’ discharge frequency with flight activity (Homberg 1994). Recent ev- 
idence suggests that it may also be involved in visual pattern recognition and 
short-term memory (Liu et al. 2006). The central complex appears to have 
connections to all major parts of the brain and in honey bees its neurons re- 
spond to stimuli of different modalities, including visual, mechanosensory, 
gustatory, and olfactory (Homberg 1985). The central complex is large in 
Hymenoptera, but there is no evidence that its size or structure correlate 
with social organization per se. 

Mushroom bodies are central structures in the arthropod brain that pro- 
cess multimodal information. They were first described in solitary and so- 
cial Hymenoptera by Dujardin (1850), who suggested that these structures 
endowed the insects with free will (as opposed to instinctive actions). In 
general, mushroom bodies were thought to be associated with the sophis- 
tication of behavioral repertoires and with intelligence, and later with 
learning and memory, by many authors in the late ninenteenth and early 
twentieth centuries (reviewed by Strausfeld et al. 1998). These ideas were 
based on anatomical comparison of mushroom bodies, particularly be- 
tween solitary and social Hymenoptera (von Alten 1910; Pietschker 1911; 
Ehmer and Hoy 2000; reviewed by Strausfeld et al. 1998). 

Mushroom bodies (Figure 17.5) are composed of many intrinsic neu- 
rons (about 170,000 in honey bees; Witthéft 1967) called Kenyon cells. 
Their cell bodies reside around neuropiles referred to as calyces. The calyx 
is composed of the Kenyon cells’ dendrites and terminal branches of neu- 
rons, which supply input to and modulate the Kenyon cells. In bees, ants, 
and social wasps, and also in cockroaches, the calyces are enlarged and 
form cup-shaped structures (Figures 17.2, 17.4, 17.5a); in sawflies the ca- 
lyces are shallow (Figure 17.2c). In a comparative study, Jaffe and Perez 
(1989) reported that ant species with more advanced social systems had 
mushroom bodies that were “better developed.” However, their study esti- 
mated brain volumes with little accuracy and showed several conflicting 
trends. The current hypothesis (Farris and Roberts 2005) is that mush- 
room body elaboration coincides with rich behavioral repertoires, but not 
necessarily with a species’ social advancement. 
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Figure 17.5. Mushroom bodies. a: Visual input from the medulla (me) and the 
lobula (lo) and olfactory input from the antennal lobe (al) converge onto the 
mushroom body’s (mb) calyx. B: The calyx—enlargement from (a)—comprises 
the lip, collar (col) and basal ring (br) regions, which receive segregated inputs 
from the sensory structures shown in C. C: different parts of the eye support 
polarization vision, motion/texture discrimination, and color vision. It is not 
known if these different sensory qualities are processed by different layers in the 
collar (question marks). Taste information is processed by a narrow band on 
the inner face of the calyx, and olfactory information projects to the lip region. 
The function of the different layers in the lip is unknown (question marks). D: 
Complex response of a visual input neuron to the mushroom body calyx 
recorded in a bumblebee (courtesy of Angelique Paulk). After a series of five 
flashes of ultraviolet (UV) light, this neuron anticipates another stimulus: it 
shows a response (circle) even though no stimulus is presented. This response 
is specific for UV light, it does not occur with blue light stimulation. E-G: 
Responses of an output neuron from the mushroom body. Initially (E) the 
neuron does not respond to light, but after several stimulations (not shown), 
light triggers a strong, long-lasting excitatory response (F). G: Air currents 
originally evoke a similar kind of excitation, but after three minutes the same 
stimulus evokes an inhibition followed by an excitation after the stimulus is 


switched of (H). 
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In most insects, the calyx receives olfactory input from the antennal 
lobes (Figure 17.5a—c; Strausfeld et al. 1998). In advanced Hymenoptera, 
but not in other insects, the mushroom bodies also receive massive visual 
input from the medulla and the lobula (Figure 17.5a—c; Mobbs 1982; Gro- 
nenberg 1999; Ehmer and Gronenberg 2002). This ability is assumed to 
contribute to their advanced visual orientation and learning abilities. Vi- 
sual and olfactory input is segregated within the calyx (Mobbs 1982; Gro- 
nenberg 1999) and visual input is again represented by different classes of 
input neurons that terminate in distinct layers (Figure 17.5b). Behavioral 
studies (Lehrer 1998) suggest that different visual submodalities such as 
color, movement, and pattern are served by different regions of the eye 
(Figure 17.5c). It is therefore possible that layers in the calyx’ collar repre- 
sent these different visual submodalities (Figure 17.5b, 17.5c; Ehmer and 
Gronenberg 2002), but no physiological evidence is available to support or 
reject this idea. 

In ants, visual input to the mushroom bodies is less prominent and less 
differentiated as compared to social bees and wasps (Ehmer and Gronen- 
berg 2004). Instead, in ants, olfactory mushroom body input is more pro- 
nounced and is layered in the calyx’ lip region (Figure 17.5b, 17.5c; 
Gronenberg and Lopez-Riquelme 2004). This corresponds to the greater 
biological significance of olfaction for most ant species in comparison to 
bees or wasps. 

While the calyx is an exclusive input region, the mushroom body pedun- 
cle and lobes give rise to output to and receive additional input from the 
surrounding brain areas. The current theory is that different kinds of 
sensory input to the calyx can modulate the information processing 
performed by the mushroom bodies in a context-specific way (Strausfeld 
2002). Mushroom body neurons probably take into account the immediate 
history and stimulus context and may reflect, or be involved in, learning 
processes (Mauelshagen 1993; Griinewald 1999). Given the complex re- 
sponse characteristics of mushroom body neurons (Figure 17.5d-h), we 
are far from understanding what exactly the mushroom bodies do even in 
“model insects” (e.g., Drosophila melanogaster or Apis mellifera). 

In basal termites (e.g., Zootermopsis) the mushroom bodies are similar 
to those of cockroaches (Figure 17.1a, 17.1b). Cockroaches and termites 
are phylogenetically related and have large mushroom body lobes (Kiihnle 
1913; Burling-Thompson 1916; Hanstrém 1928; Howse and Williams 
1969), indicating that they comprise a large number of Kenyon cells. This 
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would allow termites to process more information in parallel, perhaps re- 
sulting in more context-specific responses. However, one has to take into 
account that termite brains are small in absolute terms. A termite workers’ 
brain occupies less space compared to an ant of similar head size (Figure 
17.2b). Interestingly, the most derived termite taxa (Cubotermitidae and 
Apicotermitidae) have particularly small Kenyon cell numbers (Howse and 
Williams 1969; Figure 17.6). This supports the idea that division of labor in 
advanced social insects may go along with a decrease of mushroom body 
size as the behavioral complexity of the individual worker may be reduced 
analogous to ants and bees. 

The mushroom bodies play important roles in learning and memory. 
Cooling or chemically ablating the mushroom bodies of honey bees can in- 
terrupt the formation of associative memory (Erber, Masuhr, and Menzel 
1980; Komischke et al. 2005), and the involvement of mushroom bodies in 
place memory has been explored by lesion experiments in cockroaches (Mizu- 
nami, Weibrecht, and Strausfield 1998). Many neurons probing the mush- 
room bodies show context-specific responses or activity that reflects the 
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Figure 17.6. Relative size of the mushroom body calyx (ordinate) and lobes 
(abscissa) in different Hymenopteran and Isopteran (termite) species. 
Mushroom body sizes shown relative to the size of the central body, not of the 
overall brain. Based on data by Howse and Williams (1969). 
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history of stimulus sequences (Figure 17.5d—h) which would be important 
for learning (Li and Strausfeld 1997), or show response changes that coin- 
cide with ongoing learning acts (Mauelshagen 1993; Griinewald 1999). 

Taken together, the anatomical, physiological, and behavioral facts all 
suggest the involvement of mushroom bodies in the processing of context- 
specific information that is important for navigation, foraging, and learning 
behavior. Among the Hymenoptera, mushroom bodies are much more 
prominent in aculeate crown groups, in particular in social species, than 
they are in the stem group symphyta, where mushroom bodies feature 
small calyces and thin lobes (Figure 17.2c). Thus mushroom body size and 
sophistication go along with the complexity of a species’ behavioral reper- 
toire, similar to the increase in neocortex size found in advanced primates 
(reviewed in Dunbar 2003). However, the finding that the most socially 
advanced termites have fewer Kenyon cells than more basal species sug- 
gests that the trend of brain size reduction in highly specialized individuals 
(Figure 17.1) also applies to mushroom bodies. 


Division of Labor and Brain Specialization 


In principle, division of labor should translate to a reduction in brain ca- 
pacity (overall brain size, number or complexity of neurons) as specialized 
individuals need to perform fewer behaviors and may not require a brain 
as pluripotent as generalists or solitary insects. In advanced social insects 
this would lead to a reversal in the general correlation between body and 
brain size. Further, it has been shown for some insect species that special- 
ists can make faster and more correct decisions than generalists, presum- 
ably because fewer choices require less brain capacity (Bernays and Funk 
1999) or less elaborate mushroom bodies (Farris and Roberts 2005). Spe- 
cialists’ reduced need for neuronal computations and the high metabolic 
costs of brain tissue maintenance probably explain why honey bee queens 
have smaller brains than workers. Queens are highly specialized for repro- 
duction and, since they found their colonies with the help of thousands of 
workers, they do not need to perform many of the tasks that honey bee 
workers do. The reduced mushroom body size in higher termites or in 
highly social ant species with polymorphic worker castes (Jaffe and Perez 
1989) may be explained by the same principle; namely, that in species with 
a more advanced division of labor individual workers need only be able to 
perform reduced behavioral repertoires (Figure 17.1). 
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Besides pheromones and tactile communication, little is known about 
control of the social aspects of behavior. A particularly remarkable visual 
capacity has been recently discovered in paper wasps (Polistes dominulus), 
where face markings signal an individual's position in the dominance hier- 
archy (Tibbetts 2004). Even more strikingly, in Polistes fuscatus, colony 
members can recognize each other individually by their different face mark- 
ings (Tibbetts 2002). The underlying neuronal mechanisms are not known 
and it appears that no additional brain volume is required to perform the 
visual face recognition task (Gronenberg, Ash and Tibbetts 2008). In con- 
trast, multiple foundresses in paper wasps do show a slight enlargement of 
particular brain substructures compared to solitary foundresses (Ehmer, 
Reeve, and Roy 2001). 

Differences in brain size that determine the behavioral repertoires of re- 
productives, workers, soldiers, and so forth are established during larval devel- 
opment and are fixed during the adult stage, although some brain plasticity 
also occurs during the adult stage. In particular: in bumblebees (Figure 17.7), 
honey bees (Figure 17.8a; Withers, Fahrbach, and Robinson 1993; Durst, 
Eichmuller, and Mencel 1994), and carpenter ants (Figure 17.7, 17.8c; 
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Figure 17.7. Relative mushroom body size (mean and standard deviation) in 
bumblebee (Bombus impatiens) workers and males; honey bee (Apis mellifera) 
workers; and carpenter ant (Camponotus festinatus) workers, queens, and 
males. All differences within species statistically significant. 
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Figure 17.8. Mushroom body plasticity in (a) honey bees, (b) paper wasps, and 
(c) carpenter ants. In honey bees, the relative volume of mushroom body (MB) 
neuropil increases with age and is also larger in foragers compared to nurses of 
the same age (a). In paper wasps, the relative mushroom body neuropil volume 
of inside-nest workers is significantly smaller than it is in on-nest workers and 
foragers (b). In carpenter ants, the relative mushroom body neuropile volume is 
significantly larger in foragers aged 4 months and older compared to same-age 
inside-nest workers. Based on data by Withers, Fahrbach, and Robinson 1993 
(a); O'Donnell et al. 2004 (b); and Gronenberg, Heeren, and Hélldobler 

1996 (c). 


Gronenberg, Heeren, and Hélldobler 1996) in all three species inside-nest 
workers have smaller mushroom bodies than foragers. The same has been 
described for brains of social insects that have a less highly advanced division 
of labor (Polybia paper wasps), where the mushroom bodies are relatively 
larger in foragers compared to nest workers (Figure 17.8b; O’Donnell, Don- 
lan, and Jones 2004). The hypothesis in all these cases is that less sensory in- 
formation needs to be integrated and less demanding tasks have to be solved 
by workers inside the restricted nest, as compared to their foraging sisters 
who have to navigate the environment and remember the location of nest 
and food sources. Specialists also might have enlarged brain components 
that serve the specific task that the individual is specialized for, which is 
common across animal species in general (reviewed for vertebrates, Dukas 
2004) but has not been studied in social insects. 


Behavioral Transitions and Brain Plasticity 


Learning and the modification of behavior by experience is advantageous 
for any animal, but it may be particularly important for social central-place 
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foragers. Unlike many other insects, these foragers need to remember 
their nest, which they usually revisit many times per day, and in many cases 
they have to find and revisit food sources using different visual, olfactory, 
proprioceptive, and/or magnetic cues, relying on some kind of representa- 
tion of space. They also have to recognize their nestmates (i.e., learn a 
chemical profile). In addition, honey bees communicate distances and di- 
rections to food sources via their dance language; therefore both dancer 
and follower need to store this information. It is not surprising that insect 
learning and memory were demonstrated initially in honey bees (von Frisch 
1914). Moreover, as colonies can be long-lived, workers have to adapt to 
changing food requirements and supply conditions. This behavioral flexi- 
bility is controlled by the brain, which suggests that social insect brains 
may be characterized by pronounced neuronal plasticity. Indeed, most 
studies on insect brain plasticity have been performed on social insects 
(other than fruit flies). 

We have already mentioned studies showing that mushroom bodies are 
larger in foragers than in nest workers. In such cases the difference is the 
result of brain plasticity: young workers first work inside the nest and later 
become foragers (temporal polyethism). This behavioral transition goes 
along with an increase in mushroom body neuropil while the rest of the 
brain does not change significantly. The same transition has been shown 
recently for minor workers of several species of Pheidole ants. As the ants 
get older and mature, workers add more tasks to their behavioral reper- 
toires (Seid and Traniello 2006); these changes are paired with an increase 
in the overall size and an enlargement of particular synapses of their mush- 
room bodies (Seid and Traniello 2005). In honey bees this increase in 
mushroom body volume has two components: one is developmentally 
(hormonally) controlled and independent of sensory experience and al- 
lows the nest worker to mature and get ready to perform foraging tasks 
(“experience-expectant” plasticity, Fahrbach et al. 1998); the other results 
from foraging experience and requires that bees actually fly out and learn 
to navigate the environment (Withers, Fahrbach, and Robinson 1993, 
1995; Fahrbach et al. 1998). 

A reverse kind of brain plasticity has been found in harvester ants 
(Pogonomyrmex rugosus and Messor pergandei). As in most ants, virgin fe- 
males of these species have larger eyes and optic lobes than workers be- 
cause they rely on vision during their nuptial flight. Once they are mated, 
have shed their wings, and are prepared for their underground life as 
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queens, their optic lobes shrink considerably (Julian and Gronenberg 
2002). This process likely helps save energy that would otherwise be required 
for the maintenance of metabolically expensive brain tissue (Laughlin, de 
Ruyter van Steveninck, and Anderson 1998). The same phenomenon has 
been found in another ant species (Harpegnathos saltator) in which work- 
ers can become functional substitute queens (gamergates), a transforma- 
tion that goes along with a reduction of the optic lobes without an increase 
in other parts of the brain (Gronenberg and Liebig 1999). 


Conclusions and Future Directions 


In social insects, the overall behavioral complexity of a colony results 
from a combination of the individual workers’ brain capabilities and 
some as yet unknown behavioral capacities that emerge from the fact 
that these individuals (hence their brains) can communicate with each 
other. Therefore, important information can be distributed across sev- 
eral brains and does not need to be stored and processed all within one 
brain. Counterintuitively, an individuals’ brain might decrease in overall 
size with a species’ increasing degree of sociality because an increase in 
the division of labor results in greater individual specialization. Such an 
expected general decrease in brain capacity in social insects (sketched in 
Figure 17.1) has not yet been shown. Good systems to examine this pro- 
cess should include closely related solitary and social species, as well as 
facultative social species. Alternatively, one might compare brains of 
ant or termite species with distinct soldier castes where smaller workers 
have much larger behavioral repertoires than soldiers (Brown and 
Traniello 1998). 

In primates, the size of the cerebral cortex increases with social complex- 
ity because innovation, tool use, social learning, and other social interac- 
tions require enhanced brain storage and processing capacities (Reader and 
Laland 2002). Do analogous requirements exist in social insects? How are 
social insect brains equipped to support social communication? We do not 
know, though we can expect that olfactory processing will be involved since 
social insects employ more kinds of pheromones than do solitary insects. 
Nestmate recognition and the signaling of reproductive or dominance sta- 
tus are important for the cohesion of a colony, and in most cases studied 
these are based on chemical cues, often involving cuticular hydrocarbons 
(Beekman 2004; Lorenzi et al. 2004). Therefore, the antennal lobes of 
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social insects, which process olfactory and pheromone information, are 
usually large. Most social insects also communicate by tactile information 
and one might expect the mechanosensory centers to be large. Thus far no 
studies have been done comparing antennal lobes or mechanosensory cen- 
ters in solitary and social insects. Such research would perhaps reveal spe- 
cializations of the olfactory systems that allow social insects to discriminate 
small variations in very complex hydrocarbon mixtures. 

Most of the known or expected differences between the brains of soli- 
tary and social insects relate to certain sensory abilities or requirements. 
Nothing is known about possible differences with respect to the motor 
output. Do bees and wasps require particular motor skills when building 
comb or complex nests? Do ants that collectively retrieve large prey or 
food items require particular motor control? When weaver ants form long- 
living chains and layers comprising hundreds of individuals, or when army 
ants build bivouacs composed of millions of ants, do they rely on particular 
motor coordination? We also know little about the assignment of different 
tasks to different individuals, other than the sensory threshold hypotheses 
covered by multiple chapters in this volume. 

Most of what we have said so far suggests that social insects do not have 
a specific “social brain,” in contrast to mammals such as primates. While 
the mushroom bodies are particularly well developed in the social insects 
analyzed so far (termites, ants, social wasps, and bees), the significance of 
this correlation has yet to be revealed and studies need to be extended to 
other social insects (e.g., social aphids or thrips). Volumetric and anatom- 
ical measurements will only give some hints at differences between soli- 
tary and social brains. Just as the physical size of a computer or integrated 
circuit does not reveal much about its capacity, one will have to look at 
functional differences when comparing brains. New techniques, such as 
imaging with voltage-sensitive or calcium-sensitive dyes (Galizia et al. 
2000) or the application of multi-channel electrophysiological recording 
techniques (Lei, Christensan, and Hildebrand 2004), may reveal aspects 
of social insect brains that are as yet hidden. Such properties might not 
be structural, but may affect the plasticity, adaptability, or synchroniza- 
tion of the brains of many members in a group. The difficulty with phys- 
iological measurements is that generally the animals cannot be examined 
in their natural context. Hence, if any particular aspects of brain activity 
are enhanced by or require social contact, even the most sophisticated 
physiological techniques may not reveal them if they rely on invasive pro- 
cedures. 
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We may be able to gain more insights into how insect brains control so- 
cial behavior using advanced molecular and genetic techniques like im- 
munostaining, RNAi, or caged second messengers. We are only beginning 
to understand how hormones and neuromodulators control brain func- 
tions. In honey bees, biogenic amines, which act as neurotransmitters or 
neuromodulators, are involved in the control of division of labor (Schulz 
and Robinson 1999, 2001). Likewise, the brains of ant workers (Pheidole 
dentata) contain more biogenic amines as they mature (Seid and Traniello 
2005). What does neuromodulation mean at the level of individual neu- 
rons? Are the neurons’ effects enhanced? Do they exert control over more 
postsynaptic neurons? Or do postsynaptic neurons reduce their sensitivity 
to the neuromodulators such that connections become more specific 
(pruned)? The latter is suggested (for neurons in the mushroom bodies) by 
studies on honey bees (Farris, Robinson, and Fahrbach 2001) and ants (Seid 
et al. 2005), however, more studies using different approaches are needed 
to understand what happens at the neuronal level when social insects ma- 
ture, learn, and make new experiences. 
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CHAPTER EIGHTEEN 


We 


Plasticity in the Circadian Clock and the 


Temporal Organization of Insect Societies 


GUY BLOCH 


SOCIALLY MEDIATED PLASTICITY in circadian rhythms is a mechanism 
likely to contribute to temporal coordination and social integration in in- 
sect societies. My aim in this chapter is to briefly summarize current 
knowledge on the circadian system of honey bees and to review three lines 
of evidence in favor of socially mediated plasticity in circadian rhythms: (1) 
social factors synchronize the circadian clock and coordinate the activity of 
honey bee workers; (2) in both honey bees and bumblebees foragers have 
strong circadian rhythms, whereas nurses care for brood around-the-clock 
with no circadian rhythms; and (3) ant queens switch between activity 
with or without circadian rhythms according to their reproductive status. 
From an evolutionary perspective, these findings suggest that the evolu- 
tion of sociality has shaped features of the circadian system. 

I emphasize three major points in this chapter. First, there is evidence 
that plasticity in the circadian system is one of the mechanisms that con- 
tributes to the temporal integration and organization of insect societies. 
Second, the molecular and functional conservation in the circadian 
clock, and the existence of closely related Hymenoptera species repre- 
senting various levels of sociality, provides an excellent opportunity for 
comparative studies that may shed light on the generality, function, and 
evolution of chronobiological plasticity. Third, the circadian system pro- 
vides an excellent model for research on the mechanisms of behavioral 
plasticity and the social regulation of gene expression—two major issues 
in contemporary sociobiology. Circadian rhythms are among the pheno- 
types for which the relationships between genes and behavior are best 
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understood. Models of the organization and function of the circadian 
clock in Drosophila and mice provide a valuable framework for studies 
on social insects because clock mechanisms are fairly well conserved in 
terms of both general organization principles and the genes involved in 
rhythm generation. 


Circadian Rhythms 


Circadian rhythms are defined as biological rhythms that meet the follow- 
ing three criteria: (1) they persist, or free-run, with a period of about 24 
hours in the absence of external time cues; (2) they are reset, or entrained, 
to environmental cues, most notably daily light-dark and temperature cy- 
cles, but additional cues such as food availability and social interactions 
may also be important; and (3) they have a stable period length in a wide 
range of physiologically relevant temperatures (temperature compensa- 
tions). The circadian clock influences many aspects of insect physiology 
and behavior such as rhythms in activity, sleep-wake, feeding, mating, ovipo- 
sition, egg hatching, and pupal eclosion. The circadian clock also measures 
day length, and influences annual rhythms such as timing diapause and re- 
production (reviewed in Dunlap, Loros, and Decoursey 2004; Saunders 
2002). 

The circadian clock system is commonly described as composed of three 
functional components. The core of the clock is the pacemaker, a cell- 
autonomous rhythm generator that cycles approximately, but not exactly, 
to a 24-hour period. The second component consists of input pathways 
(photic and nonphotic) that transmit environmental signals to the endoge- 
nous oscillators and keep them synchronized with external day-night cy- 
cles. The third component covers output pathways that carry temporal 
signals away from pacemaker cells to diverse biochemical, physiological, 
and behavioral processes (Dunlap, Loros, and Decoursey 2004; Saunders 
2002). 

Complex interactions at several levels of biological organization are in- 
volved in producing circadian rhythms in physiology and behavior. These 
include cellular processes such as posttranscriptional regulation, post- 
translational modifications in clock proteins, chromatin remodeling, and 
regulation of intracellular localization. The higher-level processes include 
the coupling of a series of oscillators, and neuronal and humeral commu- 
nication between clusters of clock cells within and between tissues 
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(Bell-Pedersen et al. 2005; Cermakian and Sassone-Corsi 2000; Dunlap, 
Loros, and Decoursey 2004; Figure 18.1). The evidence for regulation of 
circadian rhythms in the context of social integration reviewed below sug- 
gests there may be additional (social) levels of complexity in the multilevel 


regulation of circadian rhythms. 


Figure 18.1. Multilevel regulation of circadian rhythms and their possible social 
modulation. Bottom panel—circadian rhythms are generated autonomously 
within pacemaker cells. The panel shows a model for the central brain 
pacemaker in Drosophila (based on Bell-Pedersen et al. 2005; Hardin 2004, 
2005). Two interlocked loops are involved: a negative autoregulatory loop of 
Period (PER) and Timeless (TIM 1) (left-hand side) that regulates their own 
expression by inhibiting the Clock (CLK)/ Cycle (CYC) complex. The 
CLK/CYC complex is also involved in a second autoregulatory loop (right-hand 
side) that activates Vrille (Vri) and Par Domain Protein 1 (Pdp1) transcription. 
VRI accumulates quickly and represses Clk transcription; PDP1 accumulates 
more slowly and activates Clk transcription. Light in the early morning 
(lightning symbol) leads to Cryptochrome (CRY)-dependent degradation of 
TIM1. In the absence of TIM1, PER is unstable (mediated by phosphorylation 
by kineases, not shown). Removal of PER releases CLK/CYC to resume 
transcription of Per, Tim1, Pdp1, and Vri, which restarts both loops 
simultaneously. The mRNA and protein for each gene is depicted by similarly 
tinted wavy lines and geometric shapes, respectively. Wide arrows with “+” sign 
delineate activation; T-end arrows with “—” sign delineate inhibition. The honey 
bee genome does not contain orthologs for Tim1 and Drosophila-type Cry 
(Cry-d). Therefore, it is thought that the mammalian-type Cry (Cry-m) takes 
the role of Tim1 in the negative feedback loop of the bee (Rubin et al. 2006). 
Middle panel—pacemaker cells and other neuronal circuits interact to produce 
overt circadian rhythms. The circadian network is composed of clusters of 
coupled pacemaker cells (circles containing sinusoidal wave lines). The large 
oval shape depicts the central nervous system; M—motor controlling center. 
Upper panel—social interactions between bees may influence circadian 
rhythms in several ways. A—modulating motor controlling centers without 
affecting the clock (“masking,” leftmost arrow); B—uncoupling the circadian 
system from motor controlling centers; C—modulating the interaction between 
pacemakers within the same cluster; D—modulating the interaction between 
clusters of pacemakers; E—modulating the circadian circuit within pacemaker 


cells. 
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Molecular Mechanisms Underlying Circadian 
Rhythms in Insects 


The basic molecular mechanisms for rhythm generation are found in 
organisms as diverse as cyanobacteria, plants, fruit flies, and mammals. 
The molecular circadian circuit in animals consists of interlocked au- 
toregulatory transcriptional/translational feedback loops with positive 
and negative elements (Dunlap 1999), and is best known for the fruit fly 
Drosophila melanogaster. The current model for molecular rhythm gen- 
eration in Drosophila involves interactions among six transcription fac- 
tors: Period (PER), Timeless (TIM1), Clock (CLK), Cycle (CYC), Par 
Domain Protein 1 (Pdp1), and Vrille (Vri), as well as several kinases in- 
cluding Double-time (Dbt) and Shaggy (Sgg). Additional genes that are 
thought to be involved in the fly’s clockwork but are less well documented 
will not be discussed here (for a recent review, see Bell-Pedersen et al. 
2005; Dunlap, Loros, and Decoursey 2004; Hardin 2004, 2005). The 
products of these clock genes interact and form two interlocked feed- 
back loops (Figure 18.1, bottom). In the first loop, PER and TIM1 nega- 
tively regulate their expression by inhibiting the transcriptional activity 
of CLK and CYC. The second autoregulatory loop controls the cycling 
levels of CLK. CLK protein inhibits its own expression in an autoregula- 
tory loop in which VRI and PDP] are also involved. The neuropeptide 
Pigment Dispersing Factor (PDF) is currently a strong candidate for an 
output pathway gene that influences not only locomotor activity but also 
the timing of eclosion. PDF also plays a crucial role in coupling the 
activity of pacemaker cells (Grima et al. 2004; Lin et al. 2002; Stoleru 
et al. 2004). 

Comparison of the clock mechanism in vertebrates and flies shows 
that there is a high degree of conservation not only in the general de- 
sign, but also in the sequence of the principal clock genes (reviewed in 
Bell-Pedersen et al. 2005; Dunlap 1999; Panda, Hogenesch, and Kay 
2002; Young and Kay 2001). With this evidence for conservation be- 
tween flies and mice, it is tempting to assume that the clocks of other in- 
sects are similar to the fly model. Insect clocks probably share many 
properties, but findings from various species, including the honey bee, 
are not easily reconciled with the Drosophila model (e.g., Bloch et al. 
2003; Rubin et al. 2006; Sauman and Reppert 1996; Zavodska, Sauman, 
and Sehnal 2003). 


Plasticity in the Circadian Clock 407 


The Circadian System of the Honey Bee 


Currently, the European honey bee Apis mellifera is the only social insect for 
which the molecular- and system-level organization of the circadian clock 
has been described in some detail. The dearth of information on the mecha- 
nism of circadian rhythms in social insects is quite surprising, since some of 
the seminal discoveries in chronobiology have derived from studies on 
honey bees and ants. For example, studies on ants were the first to implicate 
the circadian clock in reproductive isolation (McCluskey 1958, 1965), and 
the discovery of a foraging rhythm in honey bees provided the first convinc- 
ing evidence for the adaptive value of the circadian clock (Saunders 2002). 

As early as 1900, von Buttel-Reepen reported that bees only visited a 
buckwheat field in the morning when the blossoms were secreting nectar. 
Forel (1910) further noticed that bees not only arrived at his table at 
breakfast time each day, but kept on coming on time even when reward 
was not available. He explained his observations by suggesting that bees 
have a Zeitgeddchtnis (memory for time). Time memory was the most 
studied circadian behavior in bees in the years that followed. These studies 
established that bees can learn to arrive at a specified location at any time 
of the day, and can learn as many as nine time points with intervals of only 
45 minutes between feeder availability, or four different feeding places at 
different times (Beling 1929; Koltermann 1971; von Frisch 1967; Wahl 
1932, 1933). Time memory is an internal circadian rhythm—it free-runs 
under constant conditions, it is entrained by light—dark cycles, it can be 
phase shifted, and it has a narrow range of entrainment (20-26 hour 
cycles)—similar to other circadian oscillations (reviewed in von Frisch 1967; 
Moore 2001; Saunders 2002). This sophisticated time sense is thought to 
improve foraging efficiency as it enables bees to collect nectar and pollen 
at times of maximal availability, which is different for different flowers (von 
Frisch 1967; Willmer and Stone 2004). 

Foraging bees also need a functioning circadian clock for time compen- 
sated sun-compass orientation. Bees and other social insects (e.g., Jander 
1957) use the sun as a celestial compass; they orient themselves by main- 
taining a fixed angle to the sun (von Frisch 1967). Because of the earth’s 
rotation, the sun moves in a predictable path that varies with latitude and 
season. In order to stay in the right geographical direction, the bee “con- 
sults” its circadian clock and compensates for the sun’s movement during 


this period. 
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Foragers that stay for a long period inside the hive (e.g., due to bad 
weather) rely on their clock to correct their waggle dance in accordance 
with the shift in the sun’s azimuth. Such “marathon dancers” repeat dances 
without having any view of the sky, yet they shift the direction of their 
dance with remarkable correlation to the sun’s path in the sky (von Frisch 
1967). Amazingly, dancers that were trained to two feeders, a morning 
feeder to the south 1 hour after sunrise and an evening feeder to the east 1 
hour before sunset, danced inside the hive to the evening feeder in the 
early part of the night and to the morning feeder late at night (von Frisch 
1967). 

The activity of foragers varies considerably during the day (Moore et al. 
1998). They typically forage during the day and rest inside the hive at 
night, showing many features of sleep found in mammals and birds (Kaiser 
and Steiner-Kaiser 1983; Sauer et al. 2003; Schmolz, Hoffmeister, and 
Lamprecht 2002). Their strong activity rhythms can be studied in the lab- 
oratory where each bee is monitored individually in a small cage (e.g., 
Moore and Rankin 1985; Shemesh, Cohen, and Bloch 2007; Spangler 
1972; Toma et al. 2000). Under these conditions, foragers of A. mellifera and 
A. cerana typically have an activity cycle (free-running period) of less than 
24 hours in constant darkness (DD) and of more than 24 hours in constant 
light (LL), a finding that is not consistent with Aschoff’s rule that states 
that diurnal organisms have a longer free-running period in DD than in 
LL (Aschoff 1960). Locomotor activity rhythms are adjusted to a broad 
range of illumination regimes and to temperature cycles in DD (Moore 
and Rankin 1993; Moritz and Kryger 1994), and are influenced by social 
factors. Foragers also manifest circadian rhythms in physiological and bio- 
chemical processes such as metabolic activity (Hepburn et al. 1984; Moritz 
and Kryger 1994; Southwick and Moritz 1987; Stussi and Harmelin 1966), 
neuroendocrine functions (Carrington et al. 2007; Elekonich et al. 2001; 
Heinzeller 1976; Vogel, Heinzeller, and Renner 1977), and visual gene ex- 
pression in the retina (Sasagawa et al. 2003). 


Ontogeny of Circadian Rhythms in Adult Bees 


Solitary insects, including solitary wasps (Fantinou, Alexandri, and Tsit- 
sipis 1998; Fleury et al. 2000), typically eclose from the pupae at a specific 
time of day that is gated by the circadian clock; the newly emerged adults 
immediately show circadian rhythms in locomotor activity (Saunders 
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2002). In contrast, young honey bee (reviewed in Moore 2001) and bum- 
blebee (B. terrestris; Yerushalmi, Bodenhaimer, and Bloch 2006) workers 
typically have no circadian rhythms in locomotor activity or metabolism for 
the first few days until about 2 weeks of age. Ontogeny of circadian 
rhythms is endogenous because it occurs under constant conditions and 
rhythms free-run with a period of about 24 hours. The development of 
overt circadian rhythms is associated with age-related changes in the ex- 
pression of clock genes in the honey bee brain. Both the protein and 
mRNA levels for the clock gene PER are low and do not vary during the 
day in newly emerged bees, but are typically higher and oscillate in honey 
bees older than 3 weeks of age (Bloch, Toma, and Robinson 2001, Bloch 
et al. 2003; Bloch, Rubenstein, and Robinson 2004; Shimizu et al. 2001; 
Toma et al. 2000). There is evidence that environmental and seasonal vari- 
ables which influence pre-adult development also affect the ontogeny and 
characteristics of circadian rhythms in locomotor activity of adult bees 
(Bloch, Shemesh, and Robinson 2006; Yerushalmi, Bodenhaimer, and Bloch 
2006). However, the factors governing environmental and internal regula- 
tion of the ontogeny of behavioral rhythms and the age-related changes in 
PER expression of honey bees are still elusive. 

Perhaps the post-eclosion ontogeny of circadian rhythms is more com- 
mon in social than solitary species because individuals of social insects 
emerge into a protected environment. Ontogeny of rhythms may be func- 
tionally significant because it meshes with task performance in species 
such as the honey bee, in which the division of labor is based in part on age 
(Toma et al. 2000). 


The Anatomical and Molecular Organization of the Circadian 
Clock in the Honey Bee Brain 


The anatomical organization of the circadian clock has not been conclu- 
sively described for the honey bee or for any other social insect. Never- 
theless, it is safe to assume that the central pacemaker controlling rhythmic 
behavior is located in the brain as in all other insects studied so far (Hel- 
frich-Forster, Stengl, and Homberg 1998; Saunders 2002). There ap- 
pears to be much variation in the organization of the brain circadian 
clock in insects. In most species the accessory medulla of the optic lobes 
is the site of the pacemaker, but in moths the pacemaker is apparently 
located in a group of PER and TIM positive cells in the central brain 
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(Helfrich-Forster, Stengl, and Homberg 1998; Saunders 2002; Zavodska, 
Sauman, and Sehnal 2003). 

The initial claim that the mushroom bodies are the anatomical sites of 
the bee clock (Martin et al. 1978 cited in Saunders 2002; Martin and Mar- 
tin 1987) was later challenged on experimental and technical grounds (Brady 
1987; Moore 2001). Recent immunocytochemical studies are also not con- 
sistent with this hypothesis because the honey bee mushroom bodies were 
not immunostained with antibodies directed to detect the protein prod- 
ucts of clock genes. In addition, there is no evidence implicating the 
mushroom bodies as the site of the pacemaker in other insects (Helfrich- 
Forster, Stengl, and Homberg 1998; Helfrich-Forster, Wulf, and de Belle 
2002; Helfrich-Forster 2005; Saunders 2002; Zavodska, Sauman, and 
Sehnal 2003). 

The current picture of the anatomical organization of the bee clock is 
largely based on immunocytochemical studies with antibodies against PER 
and PDF (Bloch et al. 2003; Zavodska, Sauman, and Sehnal 2003). The 
most consistent PER immunoreactivity (ir) was detected in the cytoplasm 
of about eight large cells in the lateral protocerebrum. Additional neurons 
in the optic lobes and other parts of the brain showed nuclear staining. 
PDF-ir was detected in the somata of about 20 cells located between the 
central brain and optic lobes in each brain hemisphere. Both the PER-ir 
and PDF-ir clusters are located in brain areas that are implicated in the 
regulation of circadian rhythms in Drosophila and other insects. However, 
by contrast to Drosophila, in these two studies none of the cells co-express 
PER-ir and PDF-ir. It is reasonable to assume that both PER and PDF are 
involved in the bee clock because PER is an indispensable component of 
the clock in both insects and vertebrates, and there is evidence implicating 
PDF in circadian rhythms in various insects. Thus, the circadian system of 
the bee seems to be differently organized than in Drosophila. 

The brain expression pattern of clock genes in the honey bee brain fits 
better with the mammalian model than with that of Drosophila. The honey 
bee genome does not encode an ortholog of Drosophila TIM1, has only 
the mammalian-type Cryptochrome (CRY-m), and has a single ortholog 
for CYC, CLK, VRI, PDP1, and Timeout (TIM2). In foraging honey bees 
expressing strong circadian rhythms, brain mRNA levels of CRY-m consis- 
tently oscillate with strong amplitude and a phase similar to PER under 
both light-dark and constant darkness illumination regimes. In contrast to 
Drosophila, the predicted honey bee CYC protein contains a transactivation 
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domain and its brain transcript levels oscillate at virtually an antiphase to 
PER, as it does in the mouse (Rubin et al. 2006; Weinstock et al. 2006). 
The apparent cycling in the brain expression of PER, CRY-m, TIM2, and 
CYC is attenuated in around-the-clock active nurse bees (Shemesh, 
Cohen, and Bloch 2007). Shimizu et al. (2001) further suggested that in 
both A. mellifera and A. cerana there are two alternative splice forms of 
PER, and that their ratio varies during the day. Although there is evidence 
that alternative splicing in PER is functional in Drosophila (Majercak et al. 
1999; Majercak, Chen, and Edery 2004), its role, if any, in the honey bee is 
yet to be determined. 


The Circadian Clock and the Temporal Organization 
of Insect Societies 


Social Synchronization of Worker Activity 


Animal species differ considerably in their entrainment by social time 
givers (e.g., Gattermann and Weinandy 1997; Goel and Lee 1997a; Levine 
et al. 2002; Refinetti, Nelson, and Menaker 1992). In insect societies, social _ 
synchronization appears to be one of the mechanisms to improve coordina- 
tion among individuals and social integration. For example, it is functionally 
important for nectar receivers and foragers to be synchronized (Crailsheim 
et al. 1999). There is evidence that pre-forager bees (~2-3 weeks of age) 
that stay inside the environmentally regulated hive already manifest syn- 
chronized circadian rhythms in their resting time several days before they 
perform their first foraging trip (Moore et al. 1998). There are reports that 
both nestmate workers and the queen function as a time-giver to the honey 
bee clock (Moritz and Sakofski 1991; Southwick and Moritz 1987). In what 
appears to be the first experimental evidence of social synchronization, 
Medugorac and Lindauer (1967) showed that nectar foragers who were in- 
troduced into a foreign colony continued to visit a food source at the time 
during which they were entrained in their source colony as well as at the 
feeding time of the host colony. Worker bees that are removed from time- 
givers in the hive have a similar phase on the first few days in isolation but 
later drift from the colony phase (Frisch and Koeniger 1994). Bees are syn- 
chronized even if restricted to the inner part of the hive and therefore de- 
prived of any light and flight experience (“BigBack” bees in Figure 18.2); 
their brain PER mRNA levels cycled with circadian rhythms and had 
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Figure 18.2. Social and developmental influences on brain clock gene expression 
in honey bees. The data depict Per mRNA levels over time (average + SE) for 
workers reared in different social environments. Callows, nurses, and foragers 
were collected from the same typical field colony. The “BigBacks” and nurse- 
age (7-day-old) bees are from different experiments and source colonies. 

CT = circadian time, corresponds to the illumination regime during the 6 days 
prior to bee collection in constant darkness; CTO and CT12 correspond to the 
subjective time of light on and light off, respectively. Bars at the bottom of each 
plot depict photoperiod: open bars = day (sunset to sunrise), dashed 

bars = subjective day for bees that were in constant darkness inside the hive, or 
were entrained to a light: dark illumination regime and collected in constant 
darkness (nurse-age bees in the laboratory), filled bars = night or subjective 
night. Brain Per mRNA levels differ over time in foragers, light and flight 
deprived (“BigBack”) nurse-age bees, and nurse-age bees in the laboratory 
(one-way ANOVA with Fischer PLSD post hoc tests, ns = not significant, 

*n <0.05, **°p<0.001). N=5-8 bees/time point. Each experiment was repeated 
2-3 times with bees from different source colonies. Based on data from Bloch 
et al. (2004). 


higher levels at night, as is typical for foragers. When these bees were re- 
moved from the hive and monitored individually, they had circadian 
rhythms in locomotor activity with higher activity during the subjective day. 
These findings suggest that while in the hive, the “Big Backs” were socially 
entrained by nestmate workers that were exposed to the day-night fluctua- 
tions outside the hive (Bloch, Rubenstein, and Robinson 2004). 
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One emerging property of social synchronization among individuals is a 
colony-level circadian rhythm. Colony rhythms, like individual animals, 
have a stable free-running period in constant environment and their phase 
can be shifted by changes in environmental factors such as light, tempera- 
ture, and feeding cycles (Frisch and Aschoff 1987; Frisch and Koeniger 
1994; Kefuss and Nye 1970; Moore 2001). 


Division of Labor-Related Plasticity 


The ontogeny of circadian rhythms in honey bees is concordant with their 
age-related division of labor. Young bees (<10 days) typically perform ac- 
tivities inside the constantly dark and homeostatically regulated hive with 
no circadian rhythms. Foragers, which are typically older (>3 weeks of 
age), have strong circadian rhythms with elevated activity during the day 
when they forage for nectar and pollen. During the night they rest inside 
the hive (Crailsheim, Hrassnig, and Stabentheiner 1996; Moore et al. 
1998). Variation in the environment experienced by nest bees and foragers 
(e.g., light and temperature) does not provide an adequate explanation for 
age-related plasticity in circadian rhythms because bees that are housed 
individually in a constant laboratory environment also show ontogeny of 
rhythms. Furthermore, nurses are active around-the-clock even when ex- 
periencing a light-dark illumination regime (Moore et al. 1998; Shemesh, 
Cohen, and Bloch 2007). 

Studies on the molecular basis of task-related chronobiological plasticity 
in honey bees have focused mainly on the pattern of PER expression under 
various environmental, social, and neuroendocrine conditions. Because 
PER interacts directly or indirectly with all other known components of the 
clock (Figure 18.1), alternations in its mRNA or protein levels may reflect 
changes in pacemaker function. Task-associated variation in brain PER 
mRNA abundance includes a developmental elevation in average daily lev- 
els (the average of all time points measured during the same day), and plas- 
ticity in the temporal pattern of expression during the day (Toma et al. 
2000, Bloch, Toma, and Robinson 2001; Bloch, Rubenstein, and Robinson 
2004; Figure 18.2). Immunocytochemical studies with anti- (Drosophila) 
PER antibodies revealed comparable age-related changes at the protein 
level (Bloch et al. 2003). The functional significance of the increase in aver- 
age daily PER expression is not well understood. Task-related plasticity in 
brain cycling has also been reported for CRY-m, TIM2, and CYC, which 
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typically vary with circadian rhythms in foragers but are attenuated in 
nurses (Shemesh, Cohen, and Bloch 2007). By contrast to nurses, nurse- 
age bees (5-10 days of age) that grew in the laboratory without brood and a 
queen typically show robust oscillations in brain PER mRNA and protein 
levels (Toma et al. 2000; Bloch, Toma, and Robinson 2001; Bloch, et al. 
2003; Bloch, Rubenstein, and Robinson 2004; Figure 18.2). These results 
suggest that the absence or attenuated molecular oscillation in honey bee 
nurses is largely linked to task, and is not merely a reflection of a circadian 
system that is not fully developed due to their typically young age. 

This association of chronobiological plasticity with the division of labor 
is perhaps adaptive because it improves task specialization and colony effi- 
ciency. While around-the-clock nursing activity is necessary to meet the 
larvae’ need for constant care, foraging behavior relies on the circadian 
clock. This hypothesis is supported by several lines of observations. First, 
nurses care for the brood around-the-clock even when kept under a light- 
dark illumination regime (Moore et al. 1998; Shemesh, Cohen, and Bloch 
2007); second, old foragers switch back to activity with no circadian 
rhythms when induced to revert to brood care activity (Bloch & Robinson 
2001; Bloch, Toma, and Robinson 2001); third, there is a similar task- 
related chronobiological plasticity in the bumblebee B. terrestris, in which 
division of labor is based primarily on size and not age as in honey bees 
(Yerushalmi, Bodenhaimer, and Bloch 2006). 

We know very little about the external and internal modulations of plas- 
ticity in circadian rhythms and PER expression. The hypothesis that plas- 
ticity in the circadian clock is linked to division of labor predicts that 
factors that modulate task performance also influence the clock. Indeed, 
PER cycling and activity rhythms are closely associated with task perfor- 
mance. Bees that were induced to forage precociously showed circadian 
cycling in PER mRNA, whereas levels were similar throughout the day in 
sister nurses of similar age; PER cycling appeared attenuated in foragers 
reverting to around-the-clock brood care activity. These social manipula- 
tions did not affect the average daily levels of PER (Toma et al. 2000, 
Bloch, Toma, and Robinson 2001; Bloch, Rubenstein, and Robinson 2004). 
However, treating newly emerged bees with doses of juvenile hormone 
(JH), octopamine (OA), and cyclic GMP that advance the age of first for- 
aging did not affect the age at onset of circadian rhythms in locomotor ac- 
tivity (Ben-Shahar et al. 2003; Bloch, Sullivan, and Robinson 2002; Bloch 
and Meshi 2007). 
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Mating-Related Plasticity in Circadian Rhythms in Queens 


Virgin gyne and male ants time their nuptial flights to a species-specific 
time of the day (reviewed in McCluskey 1992; Hölldobler and Wilson 
1990). This behavior is apparently adaptive as it coordinates the mating 
activity of males and females and facilitates reproductive isolation between 
species inhabiting the same region. This species-specific activity phase can 
be reset by changing the illumination regime and can be maintained in in- 
dividually isolated ants under constant conditions in the laboratory, indi- 
cating that it is controlled by the circadian clock (McCluskey 1958, 1965, 
1992; Sharma et al. 2004; Sharma, Lone, and Goel 2004). The activity pro- 
file of egg-laying queens of mature colonies is very different. Their overall 
activity is reduced and they have no circadian rhythms. This remarkable 
switch to arrhythmicity is limited to mated queens; virgin queens that 
were kept for similar periods, with or without wings, continued to exhibit 
robust circadian rhythms (McCluskey 1967; McCluskey and Carter 1969; 
Sharma et al. 2004; Sharma, Lone, and Goel 2004). Sharma, Lone, and 
Goel recently suggested that isolated mated queens return to circadian 
rhythmicity in locomotor activity after they cease laying eggs. This sug- 
gests that similar to the plasticity in honey bee workers, the transition from 
rhythmic to arrhythmic state is reversible. 


Important Questions and New Methods 


The study of socially mediated chronobiological plasticity integrates socio- 
biology and chronobiology (“sociochronobiology”) and addresses two major 
lines of inquiry. The first relates to the mechanisms underlying chronobio- 
logical plasticity. The second is if, why, and how social evolution has shaped 
the clock of social insects differently from that of related solitary species. 
Because these lines of inquiries are in their infancy, many of the current 
questions are concerned with describing the phenomena and their general- 
ity, and the basic properties of the circadian clock in social insects. 


Organization and Function of the Circadian Clock 
of Social Insects 


To be in a position to raise questions about the mechanism of plasticity in cir- 
cadian rhythms and social synchronization, it is imperative to first understand 
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the basic properties of the circadian system in social Hymenoptera. The re- 
cent finding that the molecular clockwork in the bee brain differs from the 
Drosophila model (Rubin et al. 2006; Weinstock, Robinson, Gibbs et al. 2006) 
strengthens the notion that although the Drosophila model provides a good 
framework, it is essential to explore the details of the clock in each focal 
species. These investigations need to include the input and output pathways 
of the clock. 


Functional Significance of Plasticity in Circadian Rhythms 


It is assumed that task-related plasticity in circadian rhythms of social 
insects is adaptive because it improves specialization and colony effi- 
ciency: however, there is only a little empirical support for this hypothe- 
sis. One approach to address this assumption is to explore the 
relationships between plasticity in circadian rhythms and other social 
functions in as many social insect species as possible (the comparative 
approach). The hypothesis that plasticity in worker circadian rhythms 
relates to task can also be tested by studying circadian rhythms in addi- 
tional tasks (Moore et al. 1998). For example, in honey bees, undertak- 
ers, guards, and food storers might exhibit circadian rhythms because 
they need to be synchronized with day-night fluctuation, whereas activ- 
ity around-the-clock is predicted to be more common in bees dedicated 
to in-nest activities such as thermoregulation and comb construction. 
Similarly, finding a mating-related switch to activity with no circadian 
rhythms in social insects but not in related solitary species would lend 
credence to the hypothesis that plasticity in circadian rhythm is associ- 
ated with the evolution of sociality. 

Functionality can be also investigated by manipulating a system (the ex- 
perimental approach). For example, the hypothesis that around-the-clock 
activity is linked to brood care predicts that individuals that are induced to 
revert from foraging to nursing activities will switch back to activity with 
no circadian rhythms, and that nurses that are removed from the hive will 
manifest circadian rhythms. These predictions were indeed borne out for 
honey bees (Bloch and Robinson 2001; Shemesh, Cohen, and Bloch 
2007). A complementary approach that has not yet been used, is to manip- 
ulate the circadian system (e.g., by transgenic or pharmacological means) 
of queens or workers and test its effect on colony fitness. 
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Generality of Chronobiological Plasticity in Insect Societies 


It is important to test whether chronobiological plasticity underlies addi- 
tional forms of temporal coordination in insect societies. There is also a 
need to study additional species because the value of chronobiological 
plasticity depends on the life history, ecology, and social organization of 
the species in question. For example, by contrast to honey bees and bum- 
blebees, the nursing activity of the ant Camponotus mus appears to have 
robust circadian rhythms. Nurses of this species actively select a temper- 
ature of 30.8°C in the middle of the light phase, and 27.5°C during the 
dark phase, for their brood care activities. This rhythm in brood care is 
entrained by light and temperature cycles and is self-sustained under 
constant conditions, indicating that it is under the control of the endoge- 
nous circadian clock (Roces 1995; Roces and Nunez 1996). 

Currently, very little can be said regarding generality because only a 
few species have been investigated. The studies with C. mus, however, 
suggest that brood care with no circadian rhythms is not a universal trait 
for all social insects. Even less is known about the generality of chronobi- 
ological plasticity in queens. Nevertheless, observations of bees suggest 
that it is not limited to ants. Virgin honey bee queens time their nuptial 
flights with species-specific characteristics (Koeniger and Koeniger 2000), 
whereas egg-laying queens show no diurnal periodicity in behavior (Free, 
Ferguson, and Simpkins 1992). Our unpublished observations suggest 
that there is a similar plasticity in circadian rhythms in queens of B. ter- 
restris (Eban, Bellusci, and Bloch, in preparation). It is tempting to as- 
sume that social synchronization is a common feature of insect societies, 
yet coordination can be achieved by other means such as self-organization 
or social interactions, or by the clock of individuals synchronized by 
physical rather than social time-givers (which may be particularly effec- 
tive in species that nest in the open). Some of the reasons for the short- 
age of comparative studies are methodological. For example, the nesting 
biology of many species makes it very difficult to observe activity of indi- 
viduals in a natural or semi-natural social context. Also, for many species, 
there are no protocols for rearing isolated individuals as required for 
studies on properties of the circadian clock. 
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Social Signals Mediating Plasticity in Circadian Rhythms 
and Social Entrainment 


The social regulation of chronobiological plasticity is currently poorly un- 
derstood. We do not have answers even for such basic questions as 
whether interactions with adults or brood mediate plasticity in circadian 
rhythms or whether direct social contact is necessary. The association, and 
perhaps causal relationship, between chronobiological plasticity and pro- 
cesses such as division of labor and the regulation of fertility provides a 
good foundation because these processes are relatively well explored from 
a sociobiological standpoint. For example, in honey bees, it may be pro- 
ductive to test whether social factors that regulate division of labor (e.g., 
older workers, the queen, and the brood; Huang and Robinson 1992, 1996; 
Le Conte, Mohammedi, and Robinson 2001; Pankiw et al. 1998) also in- 
fluence plasticity in circadian rhythms (Meshi and Bloch 2007). In the case 
of queens, it is still unclear whether the post-mating switch to arrhythmic- 
ity relates to her interactions with mates (including the possible involve- 
ment of agents transferred with semen; e.g., Qazi, Heifetz, and Wolfner 
2003), to egg laying behavior, or to changes in her social status. 

There has been some progress in studies on social entrainment. South- 
wick and Moritz (1987) found that bees need physical contact to achieve a 
synchronized group rhythm. Moritz and Kryger (1994) later reported that 
rhythms in temperature and oxygen consumption were partially synchro- 
nized between two groups of workers even when separated by a solid 
Plexiglas partition; synchronization was improved in experiments in 
which the Plexiglas division was punched with holes. These findings sug- 
gest that both direct contact (that may include food exchange and contact 
pheromones) and indirect influences (e.g., temperature and volatile 
pheromones) may have an impact on the clock of colony members. Moritz 
and Kryger proposed a self-organization model in which the activity and 
metabolism of all individuals produce oscillations in local ambient temper- 
ature that in turn entrains the clock of each individual. Temperature is an 
attractive time-giver for honey bees and other cavity or underground nest- 
ing social insects because it is effective in a constantly dark nest. The 
importance of temperature synchronization is questionable, however, be- 
cause typical-size colonies are tightly thermoregulated (Winston 1987). 
Moreover, this model requires an initial entrainment by relatively subtle 
temperature cycles, whereas in controlled experiments minimal tempera- 
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ture oscillations of 6 to 10°C were needed to entrain circadian rhythms in 
bees (Moore and Rankin 1993; Moritz and Kryger 1994). Additional stud- 
ies are needed to further test this interesting model and its possible exten- 
sions to additional products of worker activity such as comb vibrations and 
CO, concentration (Anderson and Wilkins 1989). The hypothesis that 
chemical signals mediate social entrainment is also attractive because 
pheromones modulate almost all aspects of life in insect societies (Wilson 
1971; Hélldobler and Wilson 1990) and the olfactory system is implicated 
in the social entrainment of both rodents and flies (Goel and Lee 1997b; 
Levine et al. 2002). 


Molecular and Physiological Underpinnings Governing 
Chronobiological Plasticity 


Artificial manipulations, including constant light or disturbance with clock 
gene structure or function in model organisms such as Drosophila and the 
mouse, have indeed been able to abolish overt circadian rhythms. It is still 
unclear, however, what mechanisms are involved in modulating the circa- 
dian system in animals naturally switching between activities with and with- 
out circadian rhythms. Principally, behavioral plasticity can result from 
changes in the mechanism for rhythm generation, from uncoupling the 
central pacemaker from downstream mechanisms controlling behavior, or 
from external influences on behavior that override (mask) the influence of 
the internal clock. If the mechanism for rhythm generation is implicated, 
then modifications at several levels of clock regulation can act individually 
or in concert to produce modified rhythms in behavior and physiology 
(Figure 18.1). The finding that the cycling in brain clock gene expression is 
attenuated in nurses is consistent with the hypothesis that, in honey bees, 
task-related chronobiological plasticity is mediated by genuine clockwork 
reorganization (Shemesh, Cohen, and Bloch 2007). 


Important New Methods 


The tremendous progress in elucidating the molecular and physiological 
basis of behavioral rhythms in flies and mice is largely due to the availabil- 
ity of reliable, precise, and detailed quantitative phenotypes (e.g., locomo- 
tor activity). Behavioral data are recorded automatically and over long 
periods of time without any interference from a human observer. In contrast 
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to human observers, automatic data acquisition systems have constant 
alertness and their recording is fully objective. However, since animals are 
isolated individually, these systems are limited in their applicability to 
studies of several interacting individuals as is necessary in the study of so- 
cial insects. A possible solution to this limitation has emerged in the form 
of automatic systems using technologies such as pattern recognition or 
electric chips. For example, several commercially available systems iden- 
tify and track color spots for individual identification (Meshi and Bloch 
2007; Figure 18.3). Custom-made systems can be further programmed to 
recognize and track patterns such as geometric shapes or letters. Other 
monitoring systems can detect insects tagged with barcodes or distinct 
electric chips (e.g., Streit et al. 2003). These technologies hold great prom- 
ise but are currently limited by their severely reduced efficiency in com- 
plex three-dimensional spaces. Systems that track colors are further 
limited by their need for broad spectrum illumination, which is not typical 
of cavity-dwelling species (Meshi and Bloch 2007). 

New molecular techniques for measuring gene expression in individual 
insects are also promising. The molecular organization of the circadian pace- 
maker makes measurement of gene expression particularly powerful in 
chronobiology because the mRNA and protein products of many clock 
and clock-controlled genes cycle with circadian rhythms. These molecu- 
lar rhythms open a window on the function of the internal pacemaker. 


Figure 18.3. Automatic video tracking of activity and analyses of circadian 
rhythms in complex social environments. (A). The trajectory of an individually 
color-marked bee (outlined in white) was tracked under dim broad spectrum 
illumination with the EthoVision Color Pro system. Note that the system 
successfully tracked the marked bee despite the background of hundreds of 
unmarked active bees. (B). Locomotor activity over time for two bees that were 
tracked simultaneously from the same cage (which also contained 30 unmarked 
bees). Each bee was paint-marked with a different color and video tracked over 
10 successive days. The distance and time data were exported to the ClockLab 
circadian software (Actimetrics, Evanston, IL) for chronobiological analyses (for 
more details see Meshi and Bloch 2007). The numbers on the Y-axis of each 
activity plot (actogram) depict the age of the bee (days after emergence). The 
height of the small bars within each day corresponds to the distance it moved in 
each 10 min bin. time of day (h) is depicted at the top of each actogram. Data for 
each day are double plotted to facilitate visual detection of rhythmicity. 
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Quantification of clock gene expression may also reveal alternations in basal 
level, for which there might be several explanations, including variation in 
the number of clock-gene expressing cells (Bloch, Toma, and Robinson 
2001; Bloch, Rubinstein, and Robinson 2004; Toma et al. 2000; Figure 18.2). 
Finally, neuroanatomical methods such as immunocytochemistry are valu- 
able for studies on the anatomical organization of the circadian system and 
its network properties (Helfrich-Forster 2005; Sauman et al. 2005). 


Conclusions and Future Directions 


The temporal organization of individual behavior and its integration into a 
colony-level pattern is crucial for efficient colony function. The basic prop- 
erties of the circadian system make it a valuable model for this task. The 
circadian system integrates animal behavior and physiology with its envi- 
ronment, and is adjusted rapidly to changing environmental conditions. Its 
modulation does not require complex learning processes and may last for a 
period sufficient enough to produce efficient temporal coordination. How- 
ever, it is important to realize that not all evidence for temporal integration 
among individuals in a colony should be regarded as evidence for plasticity 
in the circadian clock; temporal coordination can be also achieved by means 
of social interactions (Fewell 2003) or self organization (Camazine et al. 
2003) that do not require modifications in the circadian clock. 

To date, it is not clear to what extent socially mediated chronobiological 
plasticity is a common feature of insect societies because it has been ex- 
plored in only a handful of species. My hope is that extending this socio- 
chronobiological approach to additional species will not only determine 
the generality of these phenomena but will also lead to a better under- 
standing of their adaptive value. It is also important to continue looking for 
additional manifestations of socially mediated plasticity in circadian rhythms. 
This can be achieved by using chronobiological tools in sociobiological 
studies. For example, division of labor—related chronobiological plasticity 
was discovered by comparing diurnal and circadian rhythms of nurses and 
foragers, and plasticity in queens was discovered by comparing circadian 
rhythms before and after mating. 

The evidence for socially mediated chronobiological plasticity con- 
tributes to an understanding of social evolution because it suggests that an 
ancient and conserved system such as the circadian clock was changed 
during the evolution of sociality. A multilevel comparative approach will, 
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I believe, draw attention to clock properties that are typical, or even 
unique, to social insects and set the stage for evolutionary analyses of the 
origin and functional significance of these “social modifications.” With 
information on additional species it may be possible to address another 
crucial question; namely, are social adaptations in the clock system a pre- 
requisite for the evolution of sociality (or eusociality), its outcome, or 
adaptations to specific selection pressures in some social insects? 

Another goal for future studies on chronobiological plasticity will be 
their contribution to a better understanding of the molecular- and system- 
level processes underlying naturally occurring behavioral plasticity. The 
integration of chronobiology and insect sociobiology is promising because 
chronobiology provides detailed, precise, and quantitative behavioral phe- 
notypes and comprehensive formulations of underlying molecular- and 
system-level mechanisms. Sociobiology contributes documentation on a set 
of complex behaviors that can be profoundly and precisely manipulated 
while maintaining a natural, ecologically relevant context. The sequencing 
of genomes of additional social insects and future advances in applying 
RNA interference (RNAi) for silencing honey bee genes (Aase et al. 2005; 
Beye et al. 2002) will set the stage for rigorous studies on the molecular 
underpinnings governing plasticity in circadian rhythms in social insects. 
DNA microarrays have a huge potential for studies on clock-controlled 
genes and their social regulation (Sato et al. 2003) and have been devel- 
oped already for the honey bee. 

Another important line of research is the social modulation of plasticity 
in circadian rhythms. We need to identify the individuals involved and the 
relevant social interactions. At the physiological level, it is essential to un- 
cover the sensory modalities and specific signals conveying social informa- 
tion. This information in turn will allow us to question how an individual or 
a signal is selected from a set of possible synchronizers or relevant signals, 
and will set the stage for exploring the interactions between social and 
physical signals such as light and temperature. Perhaps social life means 
that there are situations where social signals override the effect of light and 
other prominent environmental cues. A possible example for this could be 
the observation that honey bee nurses with no circadian rhythms continue 
to care for brood around the clock under a light-dark illumination regime, 
whereas bees of similar age that were removed from the hive or grew in 
the laboratory typically manifest strong circadian rhythms in locomotor 
activity (Moore et al. 1998; Shemesh, Cohen, and Bloch 2007). 
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Social Organization 


JENNIFER FEWELL 


WHEN | WAS: a graduate student first searching for a taxon to fit my in- 
terests in behavior, foraging, and sociality, my advisor, Mike Breed, did a 
wonderful thing. He took me to a field covered in harvester ant nests and 
left me there with a paper to read. The paper was Bert Hölldobler’s clas- 
sic work on harvester ant sociobiology, covering 90 pages of the first issue 
of Behavioral Ecology and Sociobiology. A day of watching ants and an 
evening of reading that paper gave me my first real insight into the world 
of social insects, and I was hooked. This is the impact of Bert’s work, that 
he inspires and informs people in all areas of social insect biology and so- 
ciobiology more generally: from those interested primarily in insects to 
those concerned with the human condition. His research and his per- 
spective have helped define the field of behavioral ecology and have 
served as a foundation for much of the modern research in ant behav- 
ioral ecology. 

This is the impact of Hélldobler’s work, that he inspires and informs 
people in all areas of social insect biology and sociobiology more generally: 
from those interested primarily in insects to those concerned with the 
human condition. Hélldobler’s impact across this volume is pervasive, but 
he has a particularly strong influence in the area of building theoretical 
frameworks. Although he is well known for his empirical contributions, his 
theoretical contributions have been lasting and continue today. We see his 
profound influence in our view of transitions in social evolution, including 
current characterizations of hierarchical and distributed social structures 
(Hdélldobler and Wilson were the first to apply the concept of heterarchies 
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to social insect colonies). Hélldobler’s work on communication also formed 
the basis of a network perspective even before the term became popular. 
His influence continues beyond this volume, with his recent and ongoing 
contributions to the discussion on levels of selection and the colony as a 
superorganism. 

In this section, we explore current areas of expansion in social insect 
biology as they influence and in turn are influenced by current interests 
in the social insect colony as a complex system. The social insects again 
lead the way in providing a theoretical and empirical framework for un- 
derstanding social complexity, especially in the areas of self-organization 
and emergence, in which we examine phenotypes and properties gener- 
ated by the dynamic interactions of group members and the mecha- 
nisms by which those dynamics occur. This perspective is formally 
introduced in the enjoyable chapter by Nigel Franks, Anna Dornhaus, 
James Marshall, and Francois-Xavier Moncharmont who frame sociobi- 
ological principles in the context of mathematics. Raphaél Jeanson and 
Jean-Louis Deneubourg continue this perspective with their chapter il- 
lustrating how positive feedback, as the basis of self-organization, can 
generate complex behaviors within social groups. These mechanisms 
and concepts are applied to two global attributes of complex social sys- 
tems in the chapters by Stephen Pratt on collective decision making 
and Jennifer Fewell, Shana Schmidt, and Thomas Taylor on division of 
labor. 

Current theory in sociobiology is not just about emergence. Our theo- 
retical contributions expand in new directions with the chapter by Gene 
Robinson and Andrew Barron, who apply the application of modularity 
modeling to behavioral development. Nina Fefferman and James Traniello 
also expand the utility of social insects as a model system when they inte- 
grate sociobiology and epidemiological models to examine the relationship 
between social complexity and disease. Our final two chapters address the 
question of how we view social insects as units of selection and evolution. 
Andrew Hamilton, Nathan Smith, and Matthew Haber present the provoca- 
tive argument that cohesion and integration within the colony characterize 
it as an individual unit; in doing so, they open up the concept of what con- 
stitutes an individual—and an organism. In our final chapter, Jürgen 
Gadau and Manfred Laubichler make the case that the integrated devel- 
opment and evolutionary trajectories of social insect colony phenotypes are 
an ideal model system for the application of social behavior to evolutionary 
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development. Emergence and modularity, levels of selection and cohe- 
sion: these were not terms bounced around in coffee conversation when 
Hölldobler first began looking at social insect colonies through his unique 
lens. However, they illuminate new directions for this field, ones on which 
he still leaves his mark. 
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The Dawn of a Golden Age in 
Mathematical Insect Sociobiology 


NIGEL R. FRANKS 
ANNA DORNHAUS 
JAMES A. R. MARSHALL 
FRANCOIS-XAVIER DECHAUME MONCHARMONT 


THE TITLE OF THIS CHAPTER is a prediction. It is bold. It is also arguably 
overly grand and it may be illusory. History alone will judge if this is the 
dawn of a golden age in mathematical sociobiology. To be sure, mathemat- 
ical biology has already seen a number of false dawns. It may appear, for 
example, that both catastrophe theory and chaos theory each have enjoyed 
almost all of their 15 minutes of fame. However, it is right and proper that 
a wave of initial excitement, or indeed, hyperbole, is followed by slower 
and steadier progress as a field matures. 

So what justifies our unbridled optimism? The first answer is demonstra- 
ble progress. Self-organization theory and complex systems theory coupled 
with pioneering experiments have already revolutionized our understand- 
ing of organizational aspects of insect societies and even our own societies. 
Such is the gathering excitement, predictive power, and massing evidence 
that this endeavor has earned a new epithet: “Sociophysics” or “the physics 
of society” (Ball 2004; Strogatz 2004). Why sociophysics? Because the phi- 
losophy and even some of the principles of statistical mechanics are now 
being applied in sociobiology to great effect. The central issue in social bi- 
ology to which mathematical biology is being applied is the question of how 
societies are organized. In shorthand, how do super-organisms work? 

The second answer is that necessity is the mother of invention. The 
requirement for a mathematical sociobiology was not only predicted by 
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Wilson (1971) but he gave a clear directive that results would come from 
considering mass action and stochastic effects. These are key aspects of sta- 
tistical mechanics. Modeling is needed because the mechanisms underlying 
insect societies as complex systems “are neither self-evident nor susceptible 
of easy proof” (Wilson 1971; emphasis added). Thought experiments are 
not sufficient to predict the properties of the whole from those of the parts. 
Their complexity and emergent properties are such that these systems are 
opaque until they have been disassembled and re-assembled and interro- 
gated with a combination of mathematical models and experiments. 

In this chapter, we discuss how different modeling techniques can be 
used to study the functions, mechanisms, and evolution of collective be- 
havior, and how such theoretical approaches can also feed back into em- 
pirical research, or into disciplines outside of biology. Finally, we give 
our—admittedly subjective—recommendations for the future of theoreti- 


cal sociobiology. 


A Typology of Models 


Explanatory models can be split into different categories depending on 
their aims: teleonomic models (often called optimality models), mechanis- 
tic models, and artificial evolution models. Models of the first category aim 
to illuminate the function or goal of a behavior or other trait (under the as- 
sumption that the trait is the result of adaptive evolution, Cuthill 2005). 
Mechanistic models aim to explain the mechanisms by which a pattern of 
behavior or other feature is created. Finally, artificial evolution models 
may help in the understanding of the evolutionary process itself. We dis- 
cuss each of these types in turn below, along with their benefits and certain 
cautionary notes. 


Teleonomic Models 


Teleonomic models try to portray the function of an aspect of a biological 
system in an evolutionary context. For example, how could we explain the 
biased sex-ratio in an ant colony (Bourke and Franks 1995)? The word 
teleonomy was first used by C. S. Pittendrigh (1958) in order to emphasize 
that the recognition and description of end-directedness does not carry a 
commitment to Aristotelian teleology as an efficient causal principle. In 
other words, an organism may evolve to an optimal state without evolution 
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aiming for that state; a failure to recognize this is at the root of Intelligent 
Design criticisms of evolution. Teleonomic models do not focus on the 
mechanisms of decision or control of a particular behavior, but rely on the 
assumption that it was shaped by natural selection and thus looks as if it 
was optimized for some function relating to reproductive success. Some 
classical examples of such teleonomic approaches can be found in the op- 
timal foraging literature, which derives optimal behavior from assump- 
tions such as maximization of food intake (Chamov 1976). 

Most, but not all, teleonomic models are mathematical in nature; the 
system under study is (typically) represented by differential equations, 
which can sometimes be solved analytically. These equations usually rep- 
resent behavior at a group or population level. In this they are similar to 
techniques used in physics such as statistical mechanics which applies the 
techniques of statistics to large numbers of interacting particles to explain 
the macroscopic properties of populations of such particles. Statistical me- 
chanics is needed when particles, such as molecules, are individually invis- 
ible and yet the global properties of the population to which they belong 
(such as a gas) need to be predicted. Furthermore, the complexity of re- 
solving all interactions is unimaginable even if the initial state and the 
equations of motion are known. By contrast, classical (or Newtonian) me- 
chanics charts the history of small numbers of visible particles that are rel- 
atively large and relatively slow. In insect sociobiology the interacting 
agents (e.g., workers) can often be marked individually and their move- 
ments recorded, but this is not always the case. Individual army ants al- 
most instantly vanish among their nestmates in swarm raids and in many 
cases of nest construction in ants and termites the individuals disappear 
underground—but their mass efforts are still of considerable interest and 
indeed often of awesome complexity and beauty (Franks et al. 1991). 

One of the founding fathers of statistical mechanics was the great Victo- 
rian physicist James Clerk Maxwell (1831-1879). Maxwell and others drew 
much of their inspiration for statistical mechanics from contemporary soci- 
ologists (Ball 2004). In particular, Maxwell was influenced by Henry 
Thomas Buckle (1821-1862), a social historian (and author of History of 
Civilization in England) who argued that societies had underlying regular 
characteristics notwithstanding the uniqueness and capriciousness of their 
individual members. For example, Maxwell stated (referring to the study 
of human behavior): “If we betake ourselves to the statistical method, we 
do so confessing that we are unable to follow the details of each case, and 
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expecting that the effects of widespread causes, though very different 
in each individual, will produce an average result on the whole nation” 
(Maxwell 1873a). 

Thus, statistical mechanics drew inspiration from studies of human soci- 
eties and is now being applied to issues in our own societies, such as prob- 
lems in traffic flow (Helbing and Huberman 1998; Helbing and Treiber 
1998). Maxwell also tantalizingly referred to swarms of bees when he was 
trying to convey the idea of randomly mingling molecules: “If we wish to 
form a mental representation of what is going on among the molecules in 
calm air, we cannot do better than observe a swarm of bees, when every in- 
dividual bee is flying furiously, first in one direction and then in another, 
while the swarm, as a whole, either remains at rest, or sails slowly through 
the air” (Maxwell 1873b). Maxwell attributed random movement to the 
bees in a swarm, likening them to random movement of air particles. 
Likening insects to molecules persists as a powerful metaphor (Detrain 
and Deneubourg 2006). However, real honey bees in swarms do not fly 
about at random (see for example, Couzin et al. 2005). It is a shame that it 
has taken so long for statistical mechanics to find its way back to one of its 
natural domains—insect societies. 


Example 1: Partial loads in social insect foragers 

Consider foraging in the honey bee. It has been observed that forager bees 
only partially load at a nectar food source. The optimal time spent in a flower 
patch of known quality may depend on the cost of flying with a heavy load 
(Schmid-Hempel, Kacilnek, and Houston 1985). Alternatively, it may be de- 
termined by the benefits of returning information about this new food source 
to the colony (Varju and Núñez 1993), or checking at the colony whether 
other superior food sources have been discovered (Dornhaus, Collins et al. 
2006). Returning to the nest with a full load of nectar from a mediocre food 
source is very time consuming and could be a suboptimal strategy. Yet flying 
back quickly could also be a suboptimal strategy if new and better food 
sources are rarely discovered. Dornhaus, Collins et al. (2006) used a mathe- 
matical model to analyze the importance of information collected at the nest; 
because of its mathematical form, it requires just a few parameters. 


The simplicity of mathematical models is both their strength and their 
weakness. Biological sophistication can never be captured fully in a model, 
but especially population-level models like the one described above cannot 
take individual variability into account, and in general many variables have 


A Golden Age in Mathematical Insect Sociobiology 441 


to be aggregated in very few parameters. For some questions this is appro- 
priate, for others it is not. However, there are other modeling techniques 
that allow inclusion of more biological detail. For teleonomic questions, two 
other approaches are also used: evolutionary modeling is used as an opti- 
mization method (as opposed to analytical derivation of an optimum as de- 
scribed in the example above), and individual-based models are used to 
quantify the benefits and costs of certain behaviors under a large number of 
conditions, thus also making predictions about which behavior tends to give 
the highest benefits in certain situations (Dornhaus, Klügl et al. 2006). 

The aim of teleonomic models is to solve a problem from an engineer- 
ing or strategic standpoint. For example, what decision rules should lead to 
the most effective nectar collection? Such an approach relies on the as- 
sumption that natural selection shaped the biological system in order to be 
most effective. If the experimental data deviate from the optimal predic- 
tions of the model, this will shed new light on the biological interpretation 
of the system. 


Mechanistic Models 


Mechanistic models attempt to generate and test hypotheses about proxi- 
mate mechanisms creating a behavior, either at the individual or group 
level. Understanding the mechanisms underlying group-level social dynam- 
ics within a eusocial insect colony is difficult without abstraction tools. A 
colony of millions of workers, for example, is a quintessential complex sys- 
tem. It is here that individual-based models in particular have had their 
largest impact: examples of the outstanding success of such approaches in 
social insect studies can be found in the application of self-organization the- 
ory. Each mechanistic model assumes a particular mechanism, and predicts 
how the system will behave under this assumption. The predictions of sev- 
eral potential mechanisms can thus be compared; if any of these predict 
system behavior incorrectly, the corresponding mechanism can be rejected. 


Example 2: The blind leading the blind and the 

self-organization of army ant swarm raids 

Self-organization can be defined as a process that creates a pattern at the 
global level (e.g., the colony level) through multiple interactions among 
the components (e.g., the workers). The components interact through 
local, often simple, rules that do not explicitly code for the global pattern 
(see Camazine et al. 2001). 
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The global patterns, whose generation we will examine, are the swarm 
raids of the New World army ant Eciton burchellii (Figure 19.1). Such 
swarm raids are massive compared to the size of the individuals that create 
them. An E. burchellii raid can be 20 meters wide and 200 meters long and 
employ 200,000 individuals (Franks 1989). Furthermore, an overview 
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Figure 19.1. The typical pattern of swarm raiding by (A) Eciton burchellii and 
(B) Eciton rapax. The scale bar represents 5m. Redrawn from Burton and 
Franks, 1985, with the kind permission of Blackwell Publishing; (A) originally 


redrawn from Rettenmeyer (1963). 
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Figure 19.2. A cellular automata model of the generation of Eciton swarm raids. 
The first three illustrations are overlays of the same model raid for Eciton 
burchellii. From left to right the figure shows the density of returning ants; the 
density of all ants, and the density of pheromone trails. The darker the grey 
level the greater the density. The fourth and right-most illustration shows the 
density of all ants for the model re-run for a prey distribution typical of that 
encountered by an Eciton rapax raid. These illustrations were generated de 
novo by rerunning the computer simulation model described in Deneubourg 
et al. 1989 (see also Franks et al. 1991). 


of the swarm raid pattern is not available to individual workers in Eciton 
because they have extremely rudimentary sight (Schneirla 1971; Franks 
1989; Gotwald 1995). A computer simulation model of the self-organiza- 
tion of an army ant raid (see Figure 19.2) used the following simple set of 
rules (Deneubourg et al. 1989). 


1. Leading: Each and every ant lays a followable pheromone trail wher- 
ever it goes (unless it is on a trail fully saturated with pheromone). 

2. Randomness: If an ant is in virgin terrain it randomly goes left or 
right (at every bifurcation point in the computer simulation lattice). 
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3. Following: If an ant is in terrain already traversed by a nestmate it is 
most likely to follow the pheromone trail laid by that nestmate. (E.g., 
it has a higher probability of turning left than right if the previous 
ant turned left rather than right, or vice versa, and marked that 
path.) Because army ants follow one another's trails and reinforce 
them, trails can get stronger and stronger. 

4. Speeding: Up to a limit, the more trail pheromone present the faster 
each individual will run. 

5. Crowding: An ant will not, however, enter an area that is already 
over-crowded by its nestmates. 

6. Returning: Ants only return home when they have encountered prey 
items. Returning ants obey the same rules for following the 
pheromone trail as outgoing ants, but they lay more trail pheromone 
than outgoing ants. 

7. Flow: A constant number of ants leave the nest per unit time. 


These seven golden rules are sufficient for the blind to lead the blind in 
the creation of a swarm raid of dazzling complexity and sophistication. It is 
imperative to note, however, that these seven qualitative rules must be ex- 
ecuted in good quantitative agreement with the characteristics of the real 
army ants. The rate at which individual workers move matters; the rates of 
deposition and evaporation of trail pheromones matter; and the relative 
rates of trail-laying by outward bound and returning ants matter (Franks 
et al. 1991). All these quantitative variables have been established by study- 
ing experimentally the movements of E. burchellii workers and they have 
been incorporated into the model (Figure 19.2). That is, both the qualita- 
tive and quantitative assumptions of the model have been verified. Certain 
predictions of this modeling have also been tested (Franks et al. 1991). 
The single most intriguing prediction of this model is that swarm raids 
have an active architecture. These are event-driven systems. The precise 
pattern of a raid depends on the distribution of prey encountered. Indeed, 
when the model is run with no prey and hence no returning ants (rule 6), 
the anastamosing series of columns behind the raid front is absent and a 
raid consists only of a broad swarm front and a principle trail. Further- 
more, if prey are in large clumps that are few and far between, the model 
predicts that a swarm raid may break up into divergent sub-swarms. This 
occurs because strong return traffic flows from two (or more) directions 
and the outgoing ants part company. Such a raid pattern consisting of sub- 
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swarms is seen in E. rapax (Burton and Franks 1985), a close relative of 
E. burchellii, which is a specialist predator of other social insect nests and 
thus encounters large clumps of prey that are few and far between (Figure 
19.2b). This prediction has been tested by presenting the normally cohe- 
sive swarm raids of E. burchellii with large clumps of prey that are few and 
far between. The result was that E. burchellii adopted a swarm raid pat- 
tern similar to that of E. rapax (Franks et al. 1991). 


Evolutionary Models and Alternative Worlds 


In constructing a model of a biological system, whether an organism or a 
society, we need not limit ourselves to the representation of that which 
currently exists. Invaluable as models of existing systems are, it can be 
equally interesting and instructive to model that which does not exist, 
but may have or indeed once did. In doing so we begin to touch on a fun- 
damental question of the contingency of evolution; if the tape of evolution 
were replayed, would the outcome be the same (Gould 1989)? Consider- 
ing evolutionary alternatives in terms of relative effectiveness for a given 
task might help illuminate whether a feature evolved as it did due to a di- 
rect fitness advantage, or whether evolutionary or physical constraints 
may have been involved. Considering evolutionary alternatives in a se- 
quence may also allow us to recreate plausible simulations of real evolu- 
tionary events in a species, genus, or even phylum. Of course, for some, 
this approach may seem problematic or even misguided due to the lack 
of data required for rigorous validation. A converse viewpoint would be 
that such models might enable us to explore the consequences of theo- 
ries in the absence of empirical data by acting as extended “opaque 
thought experiments” in the sense of Di Paolo, Noble, and Bullock 
(2000). 

There is, however, an even more radical viewpoint on evolutionary mod- 
els: they can be alternative worlds. That is, computer models may be actual 
instantiations of a different, noncarbon-based form of life, rather than 
mere simulacra. Under this view these models act as sources of data to in- 
form our theorizing about the nature of life and its attendant processes of 
ontogeny, phylogeny, and so forth. Such a viewpoint is exemplified by Ray's 
work with digital organisms (1994) or Bedau’s “emergent thought experi- 
ment” approach to computer modeling (1999). These issues have been 
recently summarized more thoroughly elsewhere (Marshall and Franks 


446 Theoretical Perspectives on Social Organization 


2007); here we shall limit ourselves to considering examples of modeling 
evolutionary alternatives in a little more detail. 

More boldly, if one could measure the effectiveness of different alterna- 
tive realizations of the same adaptive feature, and know which realizations 
were present at various points in evolutionary history, one would be faced 
with the tantalizing prospect of being able to reproduce a plausible evolu- 
tionary history. Some work in this area has already been carried out, such as 
Niklas’ (1999) work on plant morphospaces. Using a simple generative 
plant model that can give rise to a variety of morphologies from varying a 
small number of parameters, and equipped with a fitness function that eval- 
uates morphologies in terms of criteria such as light absorption, mechanical 
stability, and so on, it is possible to construct “adaptive walks” through the 
morphospace of possible plant forms via a simple local search of similar 
forms of higher fitness. Niklas uses such a model to consider what the effects 
of increasing the number of morphological optimality criteria are on the fit- 
ness landscapes and the adaptive walks over them. However, if the starting 
point for the adaptive walk could be determined by reference to a fossil 
plant for example, would it not be intriguing if such a simple model could 
recreate the evolution from this ancestral form to the modern day form, via 
various intermediate forms observed in the fossil record? 

For sociobiology, reconstructing evolutionary histories may be more 
problematic, as behavior is somewhat difficult to fossilize, and those fossils 
that do result from behavior may require much interpretation (e.g. Miller, 
2003). We need not despair however, as we can look to more “primitive” 
behaviors, in other species, that are related to our species of interest. Also, 
we could generate the missing origin of the adaptive walk through our own 
hypothesizing; for example, one plausible sequence of adaptations leading 
to the evolution of the collective decision-making mechanism employed by 
Temnothorax albipennis during house-hunting has been proposed by Pratt 
et al. (2002, 2005; Pratt, this volume). Such hypotheses may be rescued 
from being labeled as “just-so” stories if a suitable computer model could 
demonstrate plausibly the adaptive value of each link in the proposed evo- 
lutionary chain. 


Classic Problems with Modeling Approaches 


The two examples given above, foraging by honey bees and the self-organi- 
zation of army ant raids, exemplify the value of supplementing empirical 
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with theoretical studies. Nevertheless, models are only as good as their 
assumptions. Indeed, when they rely on large sets of untested assumptions, 
they have to be handled with care and their predictions regarded with ex- 
treme caution, or better, unrestrained skepticism. Many models, whether 
individual-based or even based on a modest-sized system of differential 
equations, cannot be studied analytically, so they have to be studied through 
numerical resolution. The modification of a single parameter may have in- 
credibly dramatic consequences for the general predictions of a model. This 
is why theoreticians using complex mechanistic models have a duty to per- 
form long and tedious sensitivity analyses. It is becoming clear that simula- 
tion models are a new kind of experimental system (or more accurately, the 
use of simulation falls somewhere between traditional tractable formulation 
and experimental system). Simulations are properly explored using the same 
experimental (experimental design) and statistical techniques (visualization, 
statistics, data mining) that are used to explore real-world systems. If a mod- 
eler wants to discover functional dependencies, then a barrage of trials must 
also be run to examine predictions across a wide range of parameters. 

Another pitfall to be avoided is the illusion that such theoretical ap- 
proaches can proceed without being directed by strong biological ques- 
tions. Certain models, for example, claim to be open-minded and to be 
question-free at their inception. Hogeweg and Hesper (1990) made ex- 
actly this kind of error while reviewing strong points of individual-based 
models. They explicitly referred to what they call “self-structuring and 
non-goal directed models . . . [Individual-based models] can be non-goal- 
oriented models, i.e. one does not have to determine in advance what fea- 
tures will be studied.” 

Biologists should never just naively hope that an interesting property 
will emerge from their model. The hope pinned by some to individual- 
based models was that, once the individuals had been specified in a model, 
the collective level consequences would emerge naturally. Similarly, a lot of 
complex simulations are built without any hierarchical structure. Because 
there appears to be no need to think carefully about the assumptions or 
the parameters, one might be tempted to consider that all the parameters 
have the same level of accuracy or importance. Such a view is downright 
dangerous, not least because the effects of important parameters can be 
diluted among a jumble of other effects. 

For example, most mechanistic models require a much more detailed 
understanding of variability and stochasticity, both through differences 
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between individuals and a changing environment, than population-level 
models. The study of inter-individual differences has gained popularity, 
maybe because of that; it has revealed that individuals can differ substan- 
tially in their sensory, cognitive, and motor abilities (Scheiner, Erber and 
Page 1999; Scheiner and Erber, this volume), as well as differing in their 
behavioral responses to the same stimuli (Weidenmiiller 2004; Chittka 
et al. 2003). This is an important aspect to consider if discussing, for ex- 
ample, task allocation in social insect colonies. Similarly, it is becoming 
clear that the physical environment, and its variability, may play a big role 
in creating organization. It can serve as a seed or template for structure, or 
it can be used as a medium not just for information transmission but also 
information storage (stigmergy) (Detrain and Deneubourg 2002; Dorn- 
haus and Chittka 2005). Often the dynamics and the evolution of strategies 
used by social insects can only be understood by considering the type of 
environment and the variability to which they are exposed (Dornhaus and 
Chittka 2004b). The recognition of the importance of the environment 
should lead to new experimental studies that focus on quantifying envi- 
ronmental parameters and how they change, as well as the social insect 
behaviors themselves. j 

Earlier, we alluded to the term sociophysics and the label “the physics of 
society,” and we think this term can be problematic. The problem arises if 
people imagine that societies can be reduced purely to physics. For ex- 
ample, Camazine et al. (2001) put extreme emphasis on the crucial point 
that self-organization is not an alternative explanation to natural selection 
for complexity in biology. Nevertheless, when their book was reviewed in 
Nature, a biophysicist repeated this error (Ben-Jacob 2002). Unfortunately, 
we think it is likely to be repeated again and again because some of the 
most dramatic recent demonstrations of self-organization in biology have 
experimentally accentuated the physics of these systems. Consider three 
recent examples from studies of ants. First, Lasius niger does not habitu- 
ally forage on bridges (Dussutour et al. 2004). Second, Linepithema hu- 
mile workers probably very rarely accumulate at the end of twigs and then 
drip-off like a chaotically leaking tap (Bonabeau et al. 1998; Theraulaz 
et al. 2001). Third, Messor sancta in nature will never encounter so many 
dead bodies outside their nest, in a circular arena, that they will exhibit 
Turing morphogenesis—producing cemeteries in regularly spaced clusters 
(Theraulaz 2002). Nevertheless, even though all these studies arguably ex- 
cessively turn up the heat to accentuate the “signal to noise ratio,” they are 
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valuable in that they reveal the biological principles that may have an im- 
portant role in these systems—only to a much more subtle degree in the 
natural world. As is the case with all laboratory studies of behavior, ideally 
they should be followed up with fieldwork whenever this is possible. Of 
course, the purpose of some of these experiments may not have been the 
study of (natural) ant behavior, but the study of collective behavior of a 
complex system where one tests, for example, how different patterns can 
be created. This can be a worthy goal in itself, especially if the resulting in- 
sights can be used successfully to design artificial systems that employ log- 
ically similar processes to generate useful patterns and procedures. It is 
important to note that none of these findings show that biology reduces to 
physics. Biology is unique among the sciences because it is the domain of 
evolution by natural selection, thus it is underpinned by physics and chem- 
istry but does not reduce to them. 


New Topics in (Empirical) Insect Sociobiology 


The use of a variety of modeling approaches has made sociobiology a truly 
interdisciplinary effort. Once such connections between disciplines are es- 
tablished, methods and ideas can be exchanged in both directions. This has 
inspired and helped the empirical study of social insects as well. Biologists 
are now exploring new questions experimentally, inspired by theoretical 
advances in other fields. Networks theory, with the now famous “small 
world effects,” was established in mathematics and sociology, but is now 
being applied to the pattern of interactions in social groups of animals 
(Fewell 2003; Couzin et al. 2005) as well as that of ecological interactions 
(Memmott 1999; Memmott, Waser, and Price 2004). The realization in 
mathematics and physics that positive feedback systems can lead to pat- 
tern formation has prompted biologists to examine feedback loops, for ex- 
ample, in recruitment (Beekman, Sumpter, and Ratnieks 2001), traffic 
flow (Couzin and Franks 2002), aggregation behavior (Jeanson et al. 2004; 
Jeanson and Deneubourg, this volume), and spatial structure (Theraulaz 
et al. 2002; Bonabeau et al. 1998). Researchers in economics and epidemi- 
ology have developed methods of analyzing the spread of ideas and dis- 
eases, looking for patterns of information flow in heterogeneous populations 
(Britton et al. 2002; Feffermann and Traniello this volume) and discover- 
ing how some disappear while others spread rapidly. Similarly, social insect 
researchers have realized that information is not evenly distributed in an 
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insect colony and have started to study ways of information flow (e.g., See- 
ley 1998; Dornhaus and Chittka 2004a). They, in turn, found bifurcation 
and collective decision making involving minimal colony sizes and quorum 
thresholds reminiscent of critical masses (Franks et al. 2002; Beckers et al. 
1989; Anderson and McShea 2001; Seeley and Visscher 2004). Others 
have demonstrated how decision making in a social insect colony may 
function in a similar manner to neural circuits in the primate brain, and 
thus similarly achieve optimal decision making (Marshall et al., submitted). 
More parallels are sure to be found between such systems, and rather than 
reinventing wheels separately, researchers would do well to explore the 
use of techniques and results already established for similar systems in 
other fields. 

Nevertheless, interdisciplinary research has its difficulties, not just be- 
cause one has to admit ignorance and be prepared to learn about a new 
system. It also often means adjusting to the different traditions of research 
and communication in another field. It is therefore not surprising that a 
certain reluctance has to be overcome before a common language is found 
and ideas are fruitfully exchanged between disciplines. To some degree, 
the complexity of the models used in theoretical sociobiology has forced 
biologists to interact with mathematicians and computer scientists, and the 
complexity of many man-made systems has led computer scientists and 
engineers to look for problem-solving strategies in (equally complex) 
biological systems. The emergence of pattern from collective activity— 
self-organization—has thus become a buzz-word in several disciplines. So- 
cial insect research, neuroscience, physics, sociology, computer science, 
and other fields have discovered the similarities in the processes underly- 
ing pattern formation in their systems, which was only possible after they 
had started creating a common language to talk about them (Camazine 
et al. 2001; Ball 1999). This interaction has introduced not only new ideas 
to biology, and particularly social insect science, but also new tools, such 
as individual-based simulations and other mathematical and computa- 
tional techniques. A growing number of studies now look at mechanisms 
of how collective pattern is created (e.g., Bonabeau et al. 1998; Franks and 
Deneubourg 1997; Camazine et al. 2001; Millor et al. 1999; Roces 2002; 
Sendova-Franks and Franks 1999; Watmough and Camazine 1995), in 
addition to studying why animals collaborate in the first place. The latter 
involves weighing benefits against costs and thus often mathematical mod- 
els; the former, however, is usually too complex to be solved analytically 
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and is only possible by the rise in the power of available computational 
tools. 

New modeling techniques can open up new areas to be studied, and 
thereby inspire new experiments. In fact, the more interesting results of 
modeling studies are not those that confirm old hypotheses; they are those 
results that show us that we do not actually understand why and how 
things happen the way they do. This, in an ideal world, should lead to new 
and experimental ways of approaching the system under study, but the 
temptation is great to bend and “correct” the model in such a way that it 
conforms to previous hypotheses. It is vital that we let our views of how social 
insect colonies work be challenged by results from new modeling studies; 
at the same time, all models should suggest ways to test any new hypothe- 
ses in the real world. 

Attempting to build a model of collective behavior usually leads to the 
realization of how much we still do not know. Too often, the interaction is 
a one-way street: models use experimentally collected data, but predic- 
tions of models are then not tested on a real-world system. We think that 
this is one of the big opportunities, but also challenges, opened up by using 
models: to close the gap, to help identify and lead to the collection of miss- 
ing data, and to test new hypotheses and predictions from modeling stud- 
ies experimentally. However, it is also important to realize that models can 
lead not only to new experiments but also to important new questions. 


Repaying the Favor: Feedback from Biology 
into Other Disciplines 


Thus far, we have sought to demonstrate the contribution that mathemati- 
cal models and computers have made to the development of insect socio- 
biology. In return, the study of social insects has made contributions of its 
own to computer science, mathematics, and related disciplines. Computer 
scientists are increasingly realizing that social insects have evolved solu- 
tions to some difficult problems, such as foraging; problems that are simi- 
lar in many respects to those encountered by computer scientists. In the 
twenty-first century the ubiquity of computers and networks such as the 
Internet has created a host of problems in which a global, accurate picture 
of the entire problem is not available for the planning of a solution. Rather, 
approaches to these problems must try to optimize a solution using only 
local and uncertain information. It is precisely these constraints that social 
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insects work under; consider the example of foraging behavior in social in- 
sects, in which individual insects only have access to local information (the 
food sources they discover or are recruited to by other scouts) which is un- 
certain (food sources can fluctuate in quality, appear or disappear, etc.). 
For such problems the collective behaviors of social insects may provide 
inspiration for robust and efficient solutions. One example is the applica- 
tion of an algorithm based on pheromone-based foraging in ants to the 
routing of connections in a telecoms network (Dorigo and Stiitzle 2004). 
In the ants, shorter paths to a food source receive more ant traffic and 
hence more pheromone, and positive feedback for those shorter paths 
occurs. However, if new and better paths become available or old high-use 
ones are blocked, the colony is often able to adapt. Other social insect be- 
haviors may be applicable to engineering problems; the house-hunting be- 
havior of Temnothorax albipennis, for example, has been studied with 
reference to decentralized control problems such as process migration in 
computer networks (Marshall et al. 2006). 

Even in cases where a global view of the problem is available, there is a 
significant class of problems in computer science and mathematics that are 
combinatorial; that is, there are too many possible solutions to evaluate all 
the alternatives exhaustively. One famous example is a kind of shortest path 
problem known as the Traveling Salesman Problem, in which the shortest 
possible tour visiting all the cities in a country exactly once must be discov- 
ered. Heuristic approaches for solving such problems are required, and 
here again the pheromone-based foraging behavior of ants has provided in- 
spiration. By allowing a simulated ant colony to “forage” repeatedly for the 
shortest tour around the cities, important components of the tour are found 
to be those that repeatedly are heavily marked with virtual pheromone, and 
these components may be combined into a single good quality solution 
(Bonabeau, Dorigo, and Theraulaz 1999). Social insect-inspired engineer- 
ing solutions have been derived from spatial sorting (Lumer 1994) or task 
allocation (Bonabeau, Dorigo, and Theraulaz 1999), and are used in job- 
shop scheduling (Cicirello 2004), software ‘agents’ (Parunak 1997; Weiss 
1999), optimization of communication networks (DiCaro and Dorigo 
1998), and collective robotics (e.g., for planetary exploration; Brooks and 
Flynn 1989; Krieger, Billeter, and Keller 2000). Moreover, computer sci- 
ence and mathematics are not the only disciplines to benefit from insights 
into the collective behavior of social insects; such disparate fields as corpo- 
rate organization and sociology have also taken inspiration from social in- 
sect organization (Costa 2002; Parunak 1997). Of course, interest in what 
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lessons social insects might hold for the organization of human affairs has a 
long and venerable history: “It is true that certain living creatures, as bees 
and ants, live sociably one with another (which are therefore by Aristotle 
numbered amongst political creatures) . . . and man may desire to know 
why mankind cannot do the same.” (Hobbes 1651). 


Recommendations for the New Generation 
Mathematical Sociobiologist 


As the French mathematician Henri Poincaré (1905) said, “Science is built 
of facts as a house is built of stones; but an accumulation of facts is no more 
science than a heap of stones is a house.” If biology is to be more than just 
“stamp collecting” (or stone heaping), and more like physics, then theory is 
essential. In fact, recent advances in the mathematical and computational 
sciences have brought theory to the fore in biology. However, Jacob (1970) 
was rather overstating the matter when he said, “One doesn’t study life in 
laboratories these days.” Rather, we feel that while modeling has tremen- 
dous contributions to make to the development of biological understand- 
ing, biological experimentation and validation should always be the final 
arbiter (see also Bray 2001; May 2004). 

We believe that the quality of a modeling study is directly related to how 
clearly the questions, the assumptions, and the hypotheses are laid out, 
and how well the method used can distinguish between these hypotheses. 
Progress is only made when questions are answered. Merely achieving a 
similarity of certain model results with empirically observed ones does not 
guarantee that the underlying mechanisms are the same (Bonabeau and 
Theraulaz 1994). The scientific approach of devising hypotheses and at- 
tempting to falsify them is bread and butter to any empirical biologist, but 
is not necessarily part of a mathematician’s or computer scientist’s daily 
work. Particularly with stochastic models, the same techniques of multiple 
sampling and statistical analysis have to be used as with an empirical study. 
This also is needed to check that any model results apply to the biologically 
relevant parameter values. 

Simple models are usually more illuminating than complex ones. Esti- 
mating parameter values used in numerical models always entails the ne- 
cessity of performing a sensitivity analysis. If many parameters have to be 
estimated, a sensitivity analysis can become cumbersome—and this is one 
of the most important reasons for preferring a simple model to a complex 


one. When a model is designed, the feasibility of analyzing it should be 


454 Theoretical Perspectives on Social Organization 


considered at the outset. Further, in complex models the underlying as- 
sumptions are often hard to specify. However, understanding how certain 
assumptions lead to the observed results is key to the explanatory value of 
a model. 

Lastly, in order to make an impact on a field that is mostly empirical, 
modelers should aim to communicate their results to empiricists. This can 
be helped by clearly stating how model results follow from particular as- 
sumptions. Models should make testable predictions and such tests should 
be spelled out explicitly in a modeling study. 

What are the hallmarks of good modeling studies? (1) They should an- 
swer a biologically relevant question by spelling out hypotheses and disprov- 
ing some of them. (2) They should show that the results apply to biologically 
relevant parameter values, and are independent of some variation in pa- 
rameter estimates. (3) They should clearly indicate which assumptions led 
to the results. (4) Last, but not least, they should suggest empirical ways of 
testing the conclusions of the model. Models that meet this “gold-standard” 
should not fail to make a substantial impact in this field. 

In sum, as insect sociobiologists we have an unrivaled opportunity to ob- 
serve our study organizations part and parcel. We can then employ recent 
developments in statistical physics, its sister disciplines of complexity the- 
ory and self-organization theory, and the new realm of individual-based 
modeling to generate testable hypotheses. And we can evaluate and test 
these ideas through close-coupled iterated loops of progressive modeling 
and experimentation. The future is indeed bright for insect sociobiology. 
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We 


Positive Feedback, Convergent Collective Patterns, 


and Social Transitions in Arthropods 


RAPHAEL JEANSON 
JEAN-LOUIS DENEUBOURG 


THE ORIGIN OF SOCIAL LIFE represents a major evolutionary transition 
which has occurred repeatedly across many lineages (Maynard-Smith and 
Szathmary 1999). The expression of sociality encompasses the production 
of a multiplicity of structures ranging from undifferentiated assemblages 
of individuals to highly integrated societies. In this chapter, we address the 
question of whether a set of universal principles can account for two seem- 
ingly contradictory aspects of sociality: the large diversity in social organi- 
zations and the existence of convergent collective patterns across taxa. 
Many similarities in collective activities and structures have been re- 
ported in distinct lineages. For instance, collective scent trails are used 
for finding and exploiting resources (e.g., food patches and nests) in ter- 
mites (Reinhard and Kaib 2001), ants (Hélldobler and Wilson 1990), 
caterpillars (Fitzgerald 1995), bumblebees (Cameron and Whitfield 1996), 
and stingless bees (Nieh et al. 2004). Synchronization of individual be- 
haviors occurs during cooperative hunting in social spiders (Krafft and 
Pasquet 1991), acoustic signaling in katydids (Greenfield and Roizen 
1993), waving display in crabs (Aizawa 1998), foraging in caterpillars 
(Fitzgerald and Visscher 1996), flashing in fireflies (Buck 1988), and pro- 
duction of activity cycles in social insect colonies (Cole and Trampus 
1999; Bloch, this volume). Task specialization in group living has been 
reported in many taxa, including caterpillars (Underwood and Shapiro 
1999), shrimps (Duffy 1996), thrips (Crespi 1992), aphids (Rhoden and 
Foster 2002), as well as the Hymenoptera (Hélldobler and Wilson 1990; 
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Seeley 1995). Such analogous collective behaviors lead us to examine 
whether generic principles can be invoked to account for these conver- 
gent patterns. 

At the same time, it is evident that the complexity and degree of coop- 
eration achieved by social groups strongly differ within and between taxa. 
Several classifications have been proposed with the aim of ordering the 
multiple social structures. The traditional classification in insects was coined 
by Michener (1969) and used three criteria to classify social systems: over- 
lap of generations, cooperative brood care, and reproductive division of 
labor. The co-occurrence of all three characteristics defines eusociality. 
Several authors (Gadagkar 1994; Crespi and Yanega 1995; Sherman et al. 
1995) have proposed to revise the scope of eusociality. Proceeding by a 
top-down approach, these classifications catalogue societies initially by the 
presence or absence of the required attributes and subsequently label sys- 
tems lacking, singly or in combination, these features (Costa and F itzger- 
ald 1996). However, this continued emphasis on differences in degree of 
cooperation may hide the existence of common principles of organization 
across social levels. A central concern that remains is whether the contri- 
bution of fundamentally new rules should necessarily parallel transitions 
toward more complex or derived forms of cooperation and organization, or 
whether invariant mechanisms can account for the production of a wide 
range of social structures. 

Analysis of the dynamic among societal subunits is essential to under- 
standing the interplay between social organization and evolution (Fewell 
2003; Fewell, Schmidt, and Taylor, this volume). In this chapter, our objec- 
tive is to examine how one aspect of dynamic systems, positive feedback 
(an inherent ingredient of social life), might contribute to the production 
of similar collective patterns in independent lineages, and could have 
driven social transitions from simple forms of sociality, such as undifferen- 
tiated groups, to highly integrated societies, such as eusocial colonies. We 
explore the hypothesis that a system of behavioral rules involving positive 
feedback governs aggregation in group-living arthropods regardless of the 
sophistication of their means of communication and levels of sociality. To 
illustrate that generic rules based on amplification processes can generate 
similar collective behaviors, we also review examples of collective decision 
making in diverse species of arthropods. Finally, we discuss how positive 
feedback can promote the emergence of further complex collective pat- 
terns and transition to more advanced forms of cooperation. 
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Positive Feedback 


From gene expression (Novick and Wiener 1957) to ecosystem shifts 
(Scheffer and Carpenter 2003), biological processes are regulated by net- 
works of feedback loops involving the mutual coupling of different vari- 
ables. Negative feedback loops elicit reactions counteracting perturbations 
imposed on a system, returning the system toward the previous point, as in 
homeostasis. In contrast, positive feedback reinforces changes in the di- 
rection of the initial deviation (DeAngelis, Post, and Portis 1986), so that 
the system moves farther in that direction each time reinforcement occurs. 
Positive feedback can arise from the combination of positive interactions 
among components, so that the behavior of one component (or individual) 
reinforces performance of the same behavior in the next (Thomas 1998). 
For example, a pheromone trail laid by one ant may increase the probabil- 
ity that other ants follow that path and reinforce it (Figure 20.1). Negative 
interactions also may promote positive feedback; for instance, the proba- 
bility of leaving a group might decrease with group size and consequently 
favor large group formation. 

In animal behavior and physiology, positive feedback loops can be im- 
plemented in two ways. First, they can be involved at the individual level 
through positive or negative self-reinforcement processes. For example, 
learning is an amplification mechanism where past experience conditions 
the probability of returning to a food patch and can induce the specializa- 
tion of workers in the exploitation of foraging areas such as in the ant 
Neoponera apicalis (Deneubourg et al. 1987). Similarly, the individual 
probability of performing a task may increase (decrease) as the individual 
repeatedly does (not) tackle the task. For example, workers of the bumble- 
bee Bombus terrestris control nest climate by fanning their wings and in- 


+ i 
Trail intensity Path selection Group size Leaving 
+ — 


Figure 20.1. Examples of positive feedback loops, “+” and “~” signs represent 
positive and negative influences, respectively. 
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dividual response thresholds have been shown to change with experience 
(Weidenmiiller 2004). Second, positive feedback can be implemented at 
the collective level through a multiplicity of interactions among individuals 
(Bonabeau et al. 1997; Camazine et al. 2001). The likelihood of an individ- 
ual adopting a behavior may depend on the number of nestmates already 
engaged in that behavior, such as during aggregation where the probability 
for an individual to cluster increases with the size of the group or during 
synchronous flashing among fireflies (Camazine et al. 2001). 


Aggregation 


Aggregation is a fundamental attribute of sociality and could be defined, in 
its broadest sense, as any assemblage of individuals with a higher density 
than in the surroundings areas (Camazine et al. 2001). Many studies have 
been devoted to the costs and benefits of group life (Krause and Ruxton 
2002), but little attention has been paid to the proximate causes of aggre- 
gation, particularly the dynamic aspects of clustering. Aggregation can 
result either from individual responses to external or environmental het- 
erogeneities that act as a template specifying the patterns of aggregation 
(Fraenkel and Gunn 1961), or from social interactions (Parrish and Ham- 
ner 1997; Parrish and Edelstein-Keshet 1999). 

Understanding the role of aggregation in the evolution of sociality in- 
volves three important points. First, aggregation constitutes the most fun- 
damental expression of social life; it has been reported in a wide range of 
taxa from bacteria to mammals (Allee 1931; Parrish and Edelstein-Keshet 
1999). Second, evolutionary transitions in social structure involve changes 
in the processes of aggregation and dispersion. Indeed, two classic routes 
of sociality have been proposed for insects (Lin and Michener 1972) and 
other arthropods (Shear 1970): the clustering of solitary individuals and 
the retention of juveniles within the natal nest. Both of these scenarios in- 
volve aggregation as the essential prerequisite for socialization. 

Finally, within highly integrated societies, aggregation processes are in- 
volved in the regulation of various collective activities and in the spatio- 
temporal organization of colonies. For instance, aggregation contributes to 
bivouac formation in army ants (Gotwald 1995), and thermoregulation 
(Heinrich 1981) and cooperative defense in honey bees (Ono et al. 1995). 
The same categories of mechanisms may account for the clustering of items 
such as corpses (Theraulaz et al. 2002), brood (Franks and Sendova-Franks 
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1992), and leaves (Hart and Ratnieks 2000) in ants and comb formation in 
honey bees (Camazine 1991). 

The mechanisms of aggregation contribute at many scales in social orga- 
nization. To illustrate this, consider the individual and collective behaviors 
in the German cockroach, Blattella germanica. As in many other cockroach 
species, they form mixed clusters of males and females with overlapping 
generations. Cockroaches aggregate readily in an experimental situation. 
After introduction into a homogeneous and circular arena, they initially 
distribute themselves uniformly around the periphery. The emergence of 
aggregates benefits from several sources of positive feedback: the greater a 
cluster, the more cockroaches are attracted. Aggregation also relies on the 
modulation of individual behaviors depending on the presence of con- 
geners in their immediate vicinity. Thus, the probability of an individual 
stopping and its mean resting time in a group are greater when the num- 
ber of cockroaches is higher (Jeanson, Rivault, et al. 2005; Figure 20.2a). 
The formation of aggregates relies on inter-attraction between individuals 
following simple rules based on local information without reference to the 
global emerging pattern. 

Although cockroaches and eusocial insects strongly differ in their social 
organization, the same behavioral rules described for cockroaches (Figure 
20.2b) promote aggregation in ants. Indeed, aggregation of workers of 
Lasius niger in a homogeneous environment results from amplification 
mechanisms where the time spent in a cluster increases with its size (De- 
pickére, Fresneau, and Deneubourg 2004). In these examples, clustering 
requires close contact between individuals to initiate. However, aggrega- 
tion can also be influenced via long-range attraction based on the diffusion 
of aggregation pheromones (Wertheim et al. 2005). For example, larvae of 
the bark beetle Dendroctonus micans cluster in intracortical chambers of 
spruce trees in response to the production of volatile chemicals probably 
originating from the oxidation of monoterpenes produced by host-trees 
(Deneubourg, Grégoire, and Le Fort 1990). Clustering based on the diffu- 
sion of aggregation pheromones shares common processes with cooperative 
defense through recruitment via alarm pheromones, where amplification 
processes also exert a key role (Millor et al. 1999; Hélldobler and Wilson 
1990). 
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Figure 20.2. Modulation of individual behaviors depending on the presence of 
conspecifics. (A) Blattella germanica (from Jeanson et al. 2005); (B) Lasius 
niger (from Depickere et al. 2004); (C) Periplaneta americana (Sempo and 
Deneubourg, unpublished data); (D) Oecophylla smaragdina (from Lioni and 
Deneubourg 2004). 


Collective Decision Making 


In the examples reported above, aggregation results from amplification 
processes associated with the modulation of individual behaviors’ depend- 
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ing on the presence of conspecifics in their vicinity. In this section, we ex- 
amine how the presence of environmental heterogeneities in association 
with positive feedbacks generated by social interactions can support col- 
lective decision making in various species of arthropods. 

Organisms living in patchy environments have to make many decisions 
to exploit their environment effectively. Such choices may include the se- 
lection of nest sites, food sources, and other resources. In such circum- 
stances, social arthropods face a double challenge: the selection of the 
most suitable or profitable resources and, simultaneously, the maintenance 
of cohesion among group members. Group members with pertinent infor- 
mation about a resource or location can act as permanent or temporary 
leaders, and exert more weight on the outcome of the decision (Conradt 
and Roper 2005; Couzin et al. 2005). For instance, group cohesion can be 
ensured by a leader guiding conspecifics to particular locations. For ex- 
ample, a mother lace bug, Gargaphia solani, prevents her offspring divid- 
ing by blocking all but one path at the leaf axil (Tallamy and Wood 1986). 
And, during group recruitment in ants, successful foragers often guide 
nestmates to food sources (Hélldobler and Wilson 1990). 

Decision processes also can be evenly distributed among identical indi- 
viduals through multiple iterations of interactions (Camazine et al. 2001). 
In self-organized systems, collective decisions can then arise as a result of 
competition between different sources of information that are amplified in 
a social context through positive feedback (Deneubourg, Lioni, and De- 
train 2002). For instance, colonies of the ant Lasius niger generally exploit 
one of two identical food sources (Beckers et al. 1990; Camazine et al. 
2001). After an initially equal exploitation of both sources, a sudden transi- 
tion occurs with ants focusing their foraging activity toward a unique 
source. This shift arises spontaneously after one trail becomes, by chance, 
slightly stronger than the other and is further reinforced by the ants. Col- 
lective decision making could then be defined as the process whereby a 
group selects, through interactions among individuals, one solution (or one 
course of action) among different alternatives. 

From an experimental perspective, one simple approach to examine the 
underlying mechanisms of decision making is through recourse to binary 
choices. Binary choices with identical alternatives are initially required to 
distinguish choices arising in response to environmental heterogeneities or 
through social interactions. Indeed, a skewed distribution of individuals 
between identical resources evidences the contribution of amplifications 
through social interactions. In contrast, a symmetrical repartition of indi- 
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viduals suggests that the selection is not governed by inter-attraction but 
likely by the individual response to environmental heterogeneities. Once 
the role of social interactions has been evidenced, choices between the 
alternatives can contribute to the understanding of how individuals modu- 
late their behaviors and/or the information transmitted to congeners, de- 
pending on the characteristics of the resources. 

Below, we provide case studies of collective decision making relative to the 
selection of an aggregation or nest site, because both individual mechanisms 
and collective dynamics have been precisely characterized in these contexts. 


Spiders 


Coordinated migrations have been reported in social spiders after the de- 
struction of their web (Anelosimus eximius, Vollrath 1982), and during the 
foundation of a new colony (Acharearanea wau, Lubin and Robinson 1982). 
Sociality in spiders ranges from transient gregariousness after hatching from 
the maternal cocoon to permanent social structures with overlapping gener- 
ations. Although quasi solitary as adults (Avilés 1997), all spider species un- 
dergo at least a transient gregarious phase after their emergence from the 
maternal cocoon (Krafft 1979). During this stage, spiderlings might face col- 
lective displacement after the accidental dissociation of the group or to clus- 
ter in a more favorable environment. Studies were performed both in a 
social species, Anelosimus eximius (Saffre et al. 1999), and with the spider- 
lings of a solitary species, Larinioides cornutus (Jeanson, Deneubourg, and 
Theraulaz 2004). According to D’Andrea’s classification (1987), these 
species are at the opposite ends of the sociality spectrum in spiders. 

In the studies, spiders were offered a choice between two identical 
branches in a Y-shaped set-up. During their displacement, individuals pro- 
duced dragline silk as security thread. This was attached to the substrate in 
a discrete pattern. Once the first spider accessing the set-up reached the 
bifurcation, it randomly selected one branch and formed, incidentally, a 
shortcut between the stem and the chosen branch. This silk shortcut was 
more likely to be followed by the next individual to reach the branch. 
Through consecutive passages, spiders selected one site of aggregation. In 
both species, the maintenance of the cohesion in the migrating group re- 
lied on amplification processes due to reinforcement of the silk road, 
which was based on a discrete pattern of attachment of successive stands 
of silk. In spiders, a simple mechanism relying on the incident deposition 
of silk can thus lead to the collective selection of an aggregation site. 
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Cockroaches 


During their resting period in dark places, urban cockroaches (e.g., Peri- 
planeta americana and Blattella germanica) form mixed clusters of males 
and females with generation overlap. Shelters scaled to the size of larvae 
and adults (males) were offered to pure groups of larvae, males, and to 
mixed groups (Jeanson and Deneubourg, 2007). Groups of males or larvae 
tended to form a unique cluster, respectively, under a high or a low shelter. 
When mixed groups were offered a binary choice between a low and a 
high shelter, the cockroaches mainly aggregated under the high shelter. 
Thus, the preferences of males for a high shelter were consistent across 
treatments but the preferences of larvae shifted depending on the social 
context. The presence of males overrided the affinity of larvae for scaled- 
size shelters. This final repartition is hypothesized to originate from a dif- 
ferential attraction between larvae and males as a function of their relative 
body size and the larger production of pheromones of aggregation by 
males. Cockroaches thus collectively select a unique shelter through the 
incident attraction toward large individuals without any explicit coding. 


Chain Formation in Oecophylla 


Ants of the genus Oecophylla hang onto one other to form chains in order to 
bridge empty spaces between branches (Hélldobler and Wilson 1990). 
When faced with a choice between two potential sites for chain formation, 
workers favor one branch and discard the other one. The presence of a small 
visual cue (mimicking a branch) at one potential site of chain formation led 
to the selection of one particular site (Lioni and Deneubourg 2004). 

In both cockroaches and ants, choice relies on an interplay of behavioral 
modulation, which depends on the presence of environmental cues (e.g., 
greater individual resting time under a dark rather than a light shelter) and 
the presence of conspecifics locally perceived in the chain or the shelter. 
The probability of leaving (or entering) an aggregate decreases (or in- 
creases) with the number of conspecifics (Figure 20.2c, d). 


Nest Site Selection in Temnothorax albipennis 


The ants Temnothorax albipennis form small colonies within cracks in rocks. 
In the laboratory, after migrations were experimentally induced by 
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removing their original nest roof, scouts hunted for other potential nest 
sites (Franks et al. 2002; Pratt, this volume). Depending on the quality of 
the nest sites discovered, scouts modulated their behaviors. The latency 
between the first entry in a nest and the first recruitment to this site was 
shorter when scouts visited a superior nest site rather than a mediocre one 
(Mallon, Pratt, and Franks 2001). This modulation led to a more rapid 
initiation of recruitment toward the superior nest. The first stage of re- 
cruitment was achieved by tandem running, in which a scout leads a single 
nestmate from the old to the new nest (Franks and Richardson 2006). 
Once the nest population reached a threshold (i.e., quorum), scouts 
switched from slow tandem running to transport, a faster mode of recruit- 
ment in which an ant carries a nestmate (Pratt et al. 2002; Pratt 2005). The 
initial difference in recruitment latency between superior and mediocre 
sites was amplified by the detection of a quorum leading to a more rapid 
increase of the population in the superior site and then to its selection 
(Figure 20.3a). 


Nest Site Selection in Ants Using Mass Recruitment 


The harvester ant Messor barbarus forms colonies of several thousand in- 
dividuals laying chemical trails on the substrate to recruit nestmates for 
the exploitation of resources. In ants using mass communication, informa- 
tion relative to the qualities of potential aggregation and nest sites can be 
conveyed as a signal through the chemical trail that serves as a repository 
of information on collective choice. Groups of M. barbarus were pre- 
sented experimentally with a binary choice between potential aggregation 
sites (Jeanson et al. 2004). At the beginning of the migration, both sites 
were equally visited by ants, then a dramatic increase in the exploitation of 
one site occured while the other was discarded (Figure 20.3b). Scouts used 
pheromones trails to recruit nestmates toward the discovered site. They 
actively modulated the information conveyed to nestmates depending on 
the qualities of the sites: both the probability to lay a trail and the intensity 
of trail-laying were influenced by the characteristics of the aggregation 
sites. Thus the selection of a site relies on the modulation of trail-laying, 
which acts in synergy with the aggregation processes taking place within 
sites to decrease the probability of an ant leaving as the population in- 
creases. 
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Figure 20.3. (A) dynamic of nest emigration in Leptothorax albipennis between 
a standard and mediocre nest (from Mallon et al. 2001); (B) dynamic of 
aggregation site selection between two different sites in Messor barbarus (from 
Jeanson et al. 2004a); (C): buildup of scouts between two potential nest sites in 


honey bees (from Camazine et al. 1999). 


Nest Site Selection in Honeybees 


In honey bees, as a part of the life cycle to ensure colony propagation, a 
portion of the colony and the old queen move out of the old nest (Seeley 
1995). After the swarm settles, scouts begin hunting for potential nest 
sites. When scouts dance to recruit nestmates to new nest sites, they 
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modulate their behavior by tuning the duration of the dance and the wag- 
gle run rate in relation to nest site quality (Seeley and Buhrman 2001). 
This induces a stronger buildup of bees visiting and recruiting for a good 
site, leading eventually to its selection (Figure 20.3c; Camazine et al. 1999; 
Seeley and Buhrman 2001). A difference worth noting is in the processes 
of decision making between bees and the other examples above. In bees, 
the decision precedes action, because the swarm lifts off to the selected lo- 
cation only once unanimity has been reached (Seeley and Visscher 2004). 
In the other examples, the decision arises during the course of action. 


We have restricted our examples to nest and aggregation site selection, but 
positive feedback regulates multiple activities in arthropod societies, 
including foraging (Camazine et al. 2001) and nest defense (Hélldobler 
1981). The selection of richer or more plentiful food sources by many ants 
and by central-place foraging caterpillars relies on positive feedback asso- 
ciated with a modulation of trail-laying behaviors (Beckers, Deneubourg, 
and Goss 1993; Fitzgerald 1995). Honey bee foragers tune the intensity of 
their dance to recruit nestmates toward more profitable food sources (See- 
ley, Camazine, and Sneyd 1991; Seeley, Mikheyev, and Pagano 2000). In 
treehoppers, nymphs attract conspecifics to feeding sites with vibrational 
signals and convey information about patch quality with signaling rate 
(Cocroft and Rodriguez 2005). 

In all the examples reported above, the key principle supporting collec- 
tive decision making relies on the modulation of individual behaviors in 
association with positive feedback. Small differences in individual prefer- 
ences for environmental heterogeneities can be amplified in a social con- 
text to support the selection or exploitation of one resource. From the 
conclusion that the underlying mechanisms of aggregation constitute an 
efficient source of amplification, we speculate that all organisms clustering 
through social interactions should display the ability to achieve collective 
decision making relative to the selection of an aggregation site. The exis- 
tence of sophisticated modes of communication, such as trail pheromones, 
does not appear necessary to induce collective choices, but they can sup- 
plement the basic mechanisms inherent in social life: positive feedback re- 
sulting from the multiplicity of direct or indirect interactions among group 
members. 
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Tuning of Positive Feedback 


A frequent characteristic of systems involving positive feedback is the exis- 
tence of a critical value of parameters beyond which the system’s behavior 
changes suddenly (Glansdorff and Prigogine 1971; DeAngelis, Post, and 
Portis 1986). We can identify two distinct levels where small changes can 
take place to drive the system toward different states: implementation of 
behavioral rules at the individual level and group size. 

The implementation of behavioral rules at the individual level can vary 
depending on context or species. When considering positive feedbacks aris- 
ing from the multiplicity of social interactions, one critical parameter is the 
sensibility of an individual to conspecifics. Small variations in the nature of 
social interactions can influence the production of collective patterns. 

In bees, the probability of following a dance to a nectar source i depends 
on the relative number of bees dancing for that source (Camazine and 
Sneyd 1991). In ants (e.g., Lasius niger), the probability of following 
branch i leading to a food source depends on the relative pheromone con- 
centration on branch i (Beckers, Deneubourg, and Goss 1993): 


poe (OE 


, = 5 = 12 
(k + Y") + (k + Y2) 

For bees, Y, (i=1,2) represents the number of bees dancing for source i 
and n=1. For ants, Y, represents the pheromone concentration on branch 
i and n=2. The noticeable difference between both choice functions is the 
value of the parameter 1), which has been determined from experimental 
data in ants and bees (see Camazine et al. 2001). As predicted theoretically 
and validated empirically, ants generally exploit only one source between 
two identical sources whereas bees distribute their foraging effort evenly 
between identical nectar sources. Thus, the stronger the sensibility (here 
n ) to conspecifics or their signals, the higher the probability for a group to 
select one resource among different alternatives. In both species, the same 
choice function regulates foraging but variation in one parameter can dras- 
tically affect the collective patterns. 

In self-organized systems, variations in external parameters can also in- 
cidentally affect the implementation of positive feedback to produce a 
wide diversity of collective patterns without any explicit change at the in- 
dividual level. For instance, abiotic environmental factors can play a deci- 
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sive role. The nature of the substrate can affect the persistence of 
pheromones that might favor or, in contrast, impede the formation of effi- 
cient foraging trails (Detrain, Natan, and Deneubourg 2001; Jeanson, Rat- 
nieks, and Deneubourg 2003). Thus, small variations in the nature of the 
ecological niche occupied by group-living species can have important 
repercussions for their organization. 

Group size is another critical factor regulating the production of collec- 
tive patterns. The formation of efficient foraging or exploration trails in 
ants is affected by colony size via its influence on traffic flow and, conse- 
quently, trail persistence (Beekman, Sumpter, and Ratnieks 2001; Detrain 
et al. 1991). In locusts, the transition from disordered movement to aligned 
collective motion depends on the density of individuals within groups 
(Buhl et al. 2006). In termites, pillars are built with soil pellets impreg- 
nated with pheromones and their construction includes two phases: the 
random deposition of soil pellets followed by the emergence of pillars. The 
transition between these uncoordinated and coordinated phases requires 
the presence of many individuals to overcome the disappearance of 
pheromones between successive trips by individual workers (Bruinsma 
1979; Grassé 1984; Camazine et al. 2001). In each of these examples— 
sensitivity, substrate persistence, and group size—no behavioral changes 
at the individual level are required to account for the production of collec- 
tive patterns. 

We can speculate that minor changes in behavioral rules through so- 
cial evolution might have been shaped by natural selection to produce 
diverse collective patterns through the central contribution of positive 
feedbacks, without changing the essential nature of the underlying 
rules. Similarly, the incidental implementation of positive feedback 
without any explicit modification at the individual level may have signi- 
ficantly contributed to the expression of more complex forms of social 
organizations. 


Cascade of Complexity 


Group-living species share at least one common attribute: aggregation 
based on inter-attraction. Such assemblages of individuals might consti- 
tute an effective source of positive feedback that will favor cascades of 
further social patterns. As shown above, simple mechanisms of aggrega- 
tion can lead to collective decisions and patterns that may themselves 
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promote new social or spatial organizations, such as synchronization, 
quorum sensing, and cooperative defense, once a critical number of indi- 
viduals or interactions has been reached. From initially undifferentiated 
aggregates, at the incipient stages of sociality, small differences at the indi- 
vidual level can be amplified in a social context to promote the expression of 
new social patterns without requiring the contribution of fundamentally 
new sets of rules (Camazine et al. 2001). For instance, forced associations 
of solitary bee or ant foundresses can lead to the emergence of division 
of labor by exploiting interindividual variability in task performance 
(Helms-Cahan and Fewell 2004; Jeanson, Kukuk, and Fewell 2005). 
Similarly, amplification through self-reinforeement can induce the for- 
mation of stable hierarchies in bumblebees (Hogeweg and Hesper 
1983), crayfishes (Issa, Adamson, Edwards 1999), wasps (Theraulaz, 
Bonabeau, and Deneubourg 1995), and crayfishes (Goessmann, Hemel- 
rijk, and Huber 2000), and favors the monopolization of resources lead- 
ing to asymmetrical opportunities of reproduction in social spiders 
(Rypstra 1993). 

Theoretical models (Gautrais et al. 2002; Jeanson et al. 2007), vali- 
dated by empirical studies in wasps (Karsai and Wenzel 1998) and ants 
(Thomas and Elgar 2003), show that the degree of behavioral specializa- 
tion increases with group size. In relation to group size, density promotes 
soldier differentiation in aphids (Shibao, Kutsukake, and Fukatsu 2004). 
As it had been suggested for multicellular organisms (Bell and Mooers 
1997), Bourke (1999) argued that colony size is a major determinant of 
social complexity in insects and showed that group size is associated with 
many traits that together define the level of complexity. As group size in- 
creases, colonies face new challenges that may favor the evolution of fur- 
ther behaviors. For instance, group size might shape the communication 
system to convey information over greater distance and favor the transi- 
tions from individual to collective foraging (Beckers et al. 1989; Ander- 
son and McShea 2001). The trend toward an increase in social 
complexity with group size might rely on a growing number of 
opportunities to launch positive feedback, with each new state more sen- 
sitive to new perturbations and thus further transitions (DeAngelis, Post, 
and Portis 1986). 

In association with the capacity to exploit new ecological opportunities 
in larger colonies, group size could influence the dynamics of organiza- 
tion of social groups through changes in the rate of interactions among 
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group members (Pacala, Gordon, and Godfray 1996) or modifications of 
the range of environmental variations perceived by individuals within 
the aggregate (Anderson and McShea 2001). An increase in colony size 
might then favor the emergence of new social features that feedback and 
influence the colony size itself (Bourke 1999). For instance, positive 
feedback related to group size might explain the loss of social totipotency 
and the differentiation between reproductive and workers castes (Jeon 
and Choe 2003). 


Conclusion 


In this chapter, we have examined how positive feedback can contribute to 
the production of convergent collective patterns in arthropods and might 
account for the wide diversity of social organization. Positive feedback is a 
key mechanism shared by group-living species promoting the emergence 
of convergent collective patterns across taxa through the amplification of 
social information. Positive feedback may have also played a critical role in 
driving the multiple transitions from simple to complex societies which 
have arisen repeatedly within independent lineages (Bourke 1999; Crespi 
2004). Within this perspective, social structures could be considered as 
networks of positive feedback loops. Simple forms of sociality such as gre- 
gariousness involve one or a few amplification processes underlying group 
formation based on inter-attraction; whereas multiple interconnected 
loops support the organization of complex and highly cooperative soci- 
eties. Hélldobler and Wilson (2005) emphasized that common decision 
rules might be at work at the developmental and evolutionary time scales; 
networks of positive feedback are likely to be one of these general princi- 
ples of organization. 
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SOCIOBIOLOGY IS UNDERGOING a shift in its theoretical framework 
toward the paradigm that societies are complex and dynamical systems 
rather than amalgamated groups of individuals (Bonabeau 1998; Camazine 
et al. 2001; Fewell 2003; Detrain and Deneubourg 2006). Although compo- 
nents of this perspective have been embedded in social insect biology for a 
long time, the tools and theory inherent in complexity science have added 
new contributions to. our conceptualization of insect societies as dynamic 
and cohesive units. This framework considers social groups inclusively from 
the perspective of group members’ individual phenotypes, societal-level 
phenotypes that extend beyond simple summation of individual behaviors, 
and the interactions that link these levels. Such a paradigm shift is epistemo- 
logically significant. Viewing the social group as a dynamic system requires a 
different experimental approach than dissecting components or removing 
elements to determine function (Woese 2004). Viewing social groups as dy- 
namic and thus cohesive units also has a major impact on our understanding 
of how selection shapes social evolution (Wilson and Sober 1989; Moore, 
Brodie, and Wolf 1997; Hamilton, Smith, and Haber, this volume). 

Some of the elements of this paradigm are seen in the foundational lit- 
erature of insect sociobiology. Wheelers (1928) concept of the superor- 
ganism emphasized that eusocial insect colonies function as an interactive 
whole. And Wilson and Hdlldobler’s (1988) characterization of colonies as 
heterarchies provided the framework for viewing the colony as a decen- 
tralized and densely interactive network (Fewell 2003). Over the past few 
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decades, there has been a large increase in the pervasiveness of complexity 
theory across disciplines, allowing us to tap into a growing theoretical 
framework (Bechtel and Richardson 1993; Holland 1995; Auyang 1998; 
Levin 1998). Simultaneously, the number of theoretical and empirical 
studies on social dynamics, and especially self-organization in social in- 
sects, has dramatically increased (Camazine et al. 2001; Fewell 2003; Franks 
et al., Jeanson and Deneubourg, and Pratt, this volume). 

In this chapter we provide one perspective on how complexity thinking 
has been applied to division of labor. We explore how division of labor fits 
within (and expands on) current thinking on social complexity. We also ex- 
amine how task organization within social groups can be shaped by the in- 
terplay of emergent phenotypes and natural selection, from the simple 
dynamics within communal systems to the more derived and sophisticated 
systems in eusocial colonies. 


Defining and Measuring Division of Labor 


We define division of labor as the degree to which different individuals 
within a social group specialize on different tasks, following Michener’s 
(1974) characterization of division of labor “to include any behavioral pat- 
tern that results in some individuals in a colony performing different func- 
tions from others, even if only temporarily.” As nicely explained by 
Michener, division of labor is a statistical, rather than an absolute, designa- 
tion that can be measured across different time scales (e.g., from special- 
ization by foragers on a specific food source to a worker's task ontogeny 
over her lifetime). 

This conceptualization allows us to explore division of labor across di- 
verse social systems, but such explorations have been limited in part be- 
cause division of labor is often equated with discrete morphological castes 
(Costa and Pierce 1997; Clutton Brock, Russell, and Sharpe 2003). From 
Michener’s definition, however, behavioral task differentiation among 
group members appears pervasively across social taxa, including shrimp 
(Duffy, Morrison, and Macdonald 2002), burying beetles (Trumbo 2006), 
caterpillars (Underwood and Shapiro 1999), spiders (Aviles, Madison, and 
Agnarsson 2006), lions (Stander 1992), dolphins (Gazda et al. 2005), mon- 
keys (Hattori and Kuroshima 2005), rats (Grasmuck and Desor 2002), 
multiple bird species (Arnold, Owens, and Goldizen 2004; Bartlett, Mock, 
and Schwagmeyer 2005; Komdeur 2006), and, of course, humans. 
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Embedded in the concept of division of labor is that of task specializa- 
tion, which has been characterized variously as (1) disproportionate per- 
formance of a task by one or a few individuals relative to others in the 
group (Oster and Wilson 1978), or (2) a bias by individuals toward in- 
creased performance of one task relative to available tasks (Kolmes 1985; 
Beshers and Fewell 2001). Although task specialization is often measured 
by how frequently different individuals perform a specific task (Fewell and 
Page 1999; Weidenmiiller 2004), this metric is not sufficient to differenti- 
ate specialization from elitism, where some individuals simply work harder, 
performing multiple tasks at higher rates (Oster and Wilson 1978; Gorelick 
et al. 2004). 

For division of labor to be high, two things must happen: first, individu- 
als must be biased toward a subset of tasks relative to all those available, 
and second, individuals must be distributed across tasks so that different 
individuals perform different tasks. In contrast, division of labor is low or 
absent if one individual is simply more active than others, or if all individ- 
uals specialize on the same task. We can capture this dynamic using Shan- 
non’s mutual entropy, derived from information theory (Shannon 1948; 
Gorelick et al. 2004). Shannon’s mutual entropy measures information 
flow from signaler to receiver, such that entropy is lowest when given a sig- 
naler, one can predict the receiver, and given the receiver, one can predict 
the signaler. The division of labor (DOL) measure (Gorelick et al. 2004; 
Gorelick and Bertram 2007) applies this metric to division of labor. DOL 
is highest when, knowing an individual worker, we have a high probability 
of predicting the task, and conversely, given a specific task, we have a high 
certainty of knowing which worker or group of workers is performing it. 
This metric provides a starting point to ask questions about how division of 
labor changes over different scales, from changes within colonies through 
ontogeny to evolutionary transitions from primitively social groups to 
highly eusocial colonies. 

The ease of application of information theory metrics to division of 
labor illustrates that the basic mechanistic algorithms generating complex 
patterns are broadly applicable across systems and scales. Division of labor 
could be considered most basically as a system of behavioral differentia- 
tion, as individuals separate across different tasks, structures, or niches. 
Parallel differentiation occurs across biological scales, from tissue differen- 
tiation within an organism to the differentiation of species within commu- 
nities (Gorelick and Bertram 2007). Given that we can measure these 
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processes using the same metric, we should also ask whether similar algo- 
rithms or self-organizing principles apply across scales. 


Complexity and Self-Organization 


Although the term complexity is used pervasively, there is significant de- 
bate on what characteristics actually define systems as complex. According 
to Rosen (1991), systems can be characterized as simple if they can be 
completely (or almost so) simulated via simple algorithms, and complex if 
they cannot. This is not a completely satisfying description. Many aspects 
of social organization within a social insect colony can, theoretically, be ex- 
plained by rather simple rule sets, but the colony's behavioral outcomes 
are by no means simple (Camazine et al. 2001). Algorithms or rule sets de- 
scribing social interactions are not enough to describe the colony-level 
outcome. These must be coupled with information about the participating 
individuals themselves, and the ways by which individuals are connected 
(the social network). 

Another perhaps more useful approach is to consider system complex- 
ity within the context of the paired attributes of decomposition and local- 
ization (Bechtel and Richardson 1993). Decomposition allows that 
complex systems can be divided into subcomponents, but also recognizes 
that those subunits are never completely independent of each other 
(nearly decomposable systems, Simon 1962). To this we can add the ex- 
pectation that the subcomponents of more complex systems are generally 
more heterogeneous and often more numerous (Simon 1962; Levin 
1998). Thus, the behavior of a social group as a complex system would be 
described in part by the behaviors of the individual group members, but 
it could not be completely described without also considering the interac- 
tions among them. 

Localization is the degree to which individual components are responsi- 
ble for some subset or range of phenomena—their contribution to the dy- 
namics of the system. If a social system has multiple clusters of individuals 
with localized interactions, and if they are each connected somehow to the 
group as a whole (and thus contribute to the behavior of the whole group), 
the social group becomes a complex system. Thus, complex systems are by 
definition distributed, because the behavior of the collective whole results 
from multiple local interactions rather than being directed externally or from 
a central source. These local interactions collectively produce group-level 
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phenotypes, or emergent properties, at the larger scale that cannot be de- 
scribed or explained simply by measuring the behaviors of the individual 
group members alone. The process of local dynamics generating emergent 
effects is called self-organization, and the ubiquity of this effect has led to 
the suggestion that the presence of self-organization could be considered 
the defining characteristic of complex systems. 


Self-Organization and Division of Labor 


Self-organization of social behavior is produced primarily by positive feed- 
back loops in which a behavioral effect is amplified over successive itera- 
tions, either by a cascading increase in the number of individuals performing 
the behavior or by increasing the probability that it will be repeated by any 
one individual (Bonabeau, Theraulaz, and Deneubourg 1998; Theraulaz, 
Bonabeau, and Deneubourg 1998; Jeanson and Deneubourg, this vol- 
ume). The addition of negative feedback loops (in which performance of a 
behavior reduces its subsequent likelihood or intensity) enables social sys- 
tems to reach behavioral equilibrium or homeostasis (Camazine et al. 
2001; Sumpter 2006). Self-organizational mechanisms have been linked to 
a diversity of social insect colony phenotypes, including nest construction, 
house hunting, recruitment to food or defense, trail-laying, and domi- 
nance (Goss et al. 1989; Camazine et al. 2001; Britton et al. 2002; Hogeweg 
and Hesper 1983; Hemelrijk 2002; Franks et al., Jeanson and Deneubourg, 
and Pratt, this volume). However, of all the social phenotypes character- 
ized with self-organization, division of labor is perhaps the most global and 
ubiquitous. It occurs at the level of the entire society and is present con- 
tinuously over the life of the colony, rather than associated with specific 
events or tasks. 

How can division of labor self-organize? The dominant current para- 
digm for its emergence is the response threshold model (Robinson and Page 
1989, Bonabeau, Theraulaz, and Deneubourg 1998; Beshers and Fewell 
2001). In this model the assumption is made that any individual has a 
threshold for responding to stimuli for any given task. An individual be- 
gins performing the task if stimulus levels reach their threshold, and if 
they are not already engaged. Individuals within a group initially vary in 
task thresholds either intrinsically or from differences in experience 
and/or development. As stimulus levels for a task rise, those group mem- 
bers with lower thresholds perform it first. When they do so, they lower 
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the probability that other group members will perform it also. Thus, they 
become, by default, the specialists for that task. Because individual thresh- 
olds vary across tasks, different group members specialize on different tasks. 

The response threshold model provides a simple but powerful frame- 
work for understanding how division of labor can be generated via social 
dynamics, and has gained increasing theoretical support. Variations of the 
model have demonstrated a positive relationship between inter-individual 
variation in thresholds and differentiation in task performance (Bonabeau, 
Theraulaz, and Deneubourg 1998; Page and Mitchell 1998), as well as its 
contribution to colony stability and homeostasis in task performance (My- 
erscough and Oldroyd 2004). Recent models have also used the response 
threshold concept as a starting point to explore the effect of group size on 
division of labor (Gautrais et al. 2002; Jeanson et al. 2007). 

There is increasing empirical support for the mechanisms by which indi- 
vidual variation in task thresholds (generally measured as responsiveness to 
a task; see Scheiner and Erber, this volume) contribute to task specialization 
and division of labor. Contexts in which variation in individual thresholds has 
been tested include: fanning in honey bees and bumblebees (Weiden- 
mueller 2004; Jones et al. 2004), undertaking (Robinson and Page 1988) and 
foraging in honey bees (Scheiner and Erber, Page, Linksvayer, and Amdam, 
this volume); as well as nest excavation (Fewell and Page 1999; Helms 
Cahan and Fewell 2004), foraging (Stuart and Page 1991), and prey capture 
(Theraulaz et al. 2002) in ants. In some eusocial species, task specialization 
and thus differentiation is also intensified by self-reinforcement, in which 
performance of a task increases the likelihood that a worker will perform it 
again (Theraulaz, Bonabeau, and Deneubourg 1998; Ravary et al. 2007) 

It is important to keep in mind that despite their utility in colony-level de- 
scriptions of division of labor, response threshold models do provide an 
overly simplistic representation of individual response. Individual responses 
to task stimuli are not simple on-off switches. In response to temperature 
change, individual bumblebees vary in their response threshold (the temper- 
ature at which they begin fanning), but also in their probability of fanning, 
and frequency and amount of time spent fanning (Weidenmueller 2004; 
Gardner, Foster, and O’ Donnell 2007). Workers within social insect colonies 
may also change thresholds (measured as probability of task performance) 
with experience, a process called self-reinforcement (Theraulaz, Bonabeau, 
and Deneubourg 1998; Weidenmueller 2004; Ravary et al. 2007). 

The emergence of division of labor could also occur via mechanisms as- 
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sociated with spatial differentiation in addition to, or alternately to, intrin- 
sically based variation. For example, the foraging for work model hypothe- 
sizes that task differentiation can be generated by spatial heterogeneity 
(Franks and Tofts 1994). Individuals without work move away from filled 
tasks toward those that are available, correspondingly moving from the 
nest center where they emerge to the nest periphery and associated tasks 
such as foraging. Repeated performance of individual tasks (increasing 
specialization) can also theoretically be influenced by spatial fidelity, in 
which individuals tend to return to an area in which they were previously 
located (Sendova-Franks and Franks 1994). 


Evolutionary Transitions in Division of Labor 


Division of labor is generally considered the premier adaptation of euso- 
ciality (Wilson 1971), and as such, it is essentially viewed as a derived trait, 
one that evolved and was selected for within social groups. However, self- 
organizational models allow for the possibility that it could in fact emerge 
spontaneously within simple social groups, and even at the origins of so- 
ciality (Page and Mitchell 1998; Fewell and Page 1999). There is empirical 
support for this assertion. Normally solitary Ceratina bees show division of 
labor when forced to nest together, with one bee guarding the nest while 
the other forages (Sakagami and Maeta 1987). Similarly, solitary Halictid 
bees (Lasioglossum [Ctenonomia] NDA-1) forced together into observa- 
tion nests show differentiation for nest excavation and guarding the en- 
trance (Jeanson, Kukuk, and Fewell 2005). 

Harvester ant queens, Pogonomyrmex barbatus, who normally found 
nests alone (haplometrosis) also show division of labor when forced into 
associations (Fewell and Page 1999). Which ant takes over the task of exca- 
vation can be predicted from variation in their individual excavation be- 
havior while alone, or from their behavior in previous associations. Also 
consistent with the emergence hypothesis, specialization appears even 
when two individuals are paired who previously performed the task at high 
levels. One takes over nest excavation, while the other significantly reduces 
her excavation behavior and spends more time tending brood (Fewell and 
Page 1999; Fewell, unpublished data). 

The data on harvester ants suggest that intrinsic differences in task 
propensity drive the emergence of division of labor in these associations 
(Fewell and Page 1999; Helms Cahan and Fewell 2004). However, in 
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Halictid bees, task differentiation is also a product of aggression and con- 
sequent spatial dynamics. These ground-nesting bees dig a narrow central 
nest tunnel; traveling from the bottom of the nest (where excavation oc- 
curs) to the top (for guarding) often requires that individuals pass each 
other. Although bees of the communal species L. (Chilalictus) hemichal- 
ceum are tolerant of each other, females of a related solitary species, 
L. (Ctenonomia) NDA-1, often prevent each other from passing. These 
species show higher levels of division of labor than their communal 
cousins, and the increase is accounted for in large part by the spatial sepa- 
ration in the nest that results from lower tolerance (Jeanson, Kukuk, and 
Fewell 2005). These data demonstrate that, although the basic algorithms 
remain similar, behavioral divergence can be generated via multiple bio- 
logical mechanisms which vary across species and social contexts. 


Transitions in Division of Labor from Solitary to Communal 


We can use the wide range of social systems in the social Hymenoptera to 
explore how selection and self-organization interact to shape division of 
labor over social evolution. One of the most common social transitions is 
from solitary life to communal and/or quasisocial societies, in which often 
unrelated adults cooperate in nest building, nest defense, and (in quasiso- 
cial systems) brood care (Michener 1974; Wcislo and Tierney, this volume). 
Surprisingly, in comparisons of division of labor between associations of 
normally solitary and normally communal harvester ant and sweat bees, 
the normally solitary queens, when forced into associations, consistently 
show higher levels of task specialization than do the communal groups 
(Fewell and Page 1999; Helms Cahan and Fewell 2004; Jeanson, Kukuk, 
and Fewell 2005; Figure 21.1). Thus, the transition from solitary to com- 
munal seems to involve a reduction in division of labor (Helms Cahan and 
Fewell 2004), counter to our traditional understanding of division of labor 
as a social adaptation. 

Why would division of labor be reduced in species that exhibit a higher 
level of social organization? To answer this question, we must consider how 
self-organization and selection interact. Individual tasks vary in risk and 
physiological cost. For example, in harvester ant associations, nest excavation 
is associated with cuticular abrasion and water loss (Johnson 2000). Queens 
that become the excavation specialist often have higher mortality rates than 
queens who tend brood (and often consume eggs as a part of that task; 
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Figure 21.1. Diagram of the relationship between diversity in task thresholds and 
flexible task performance in a social insect colony. The graphs show a colony of 
workers with a normal distribution of task thresholds. Only a narrow subset of 
individuals performs the task under low stimulus conditions. These are the task 
specialists. As conditions change so that stimulus levels for the task increase, a 
wider range of thresholds are met, and more workers perform the task. 


Fewell and Page 1999; Helms Cahan and Fewell 2004). The probability of a 
given queen becoming the excavator (and dying) or the brood specialist (and 
inheriting the nest) is essentially dependent on the social context, specifically 
the intrinsic response thresholds of the other queens in her group. Thus, the 
emergence of division of labor is coupled with the emergence of cost dispar- 
ities that could potentially block the evolution of cooperative associations. 
This point may contribute to the “sociality paradox”—that social species are 
often highly successful, but sociality itself is rare. 

If division of labor presents a barrier to the evolution of cooperation, the 
leap from solitary to social requires groups to reduce specialization for tasks 
that can generate significant fitness disparities among members. This evo- 
lutionary hurdle is consistent with the general observation that division of 
labor tends to be much lower in communal than eusocial taxa. Variable task 
costs likely also influence differential helping behavior in birds (Arnold, 
Owens, and Goldizen 2004) and mammals (Heinsohn and Packer 1995). 

The evolutionary transition from emergent task specialization to more 
evenly distributed sharing of tasks (Helms Cahan and Fewell 2004) re- 
quires a shift in social roles to minimize cost disparities. This implicitly 
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assumes that while some individuals gain in fitness, others must reduce fit- 
ness advantages accordingly. The implication of this transition is that selec- 
tion on communal or cooperatively breeding groups involves the interplay 
of individual and group effects. In other words, multilevel selection al- 
ready plays a role in social evolution within communal systems. 


Transitions to Division of Labor in Eusocial Species 


The transition to eusociality provides a different selective context for divi- 
sion of labor. By definition, in eusocial colonies the reproductive division 
of labor is coupled with high intragroup relatedness, so that selection acts 
predominantly at the group level. Thus, individual cost disparities become 
less important as long as individual task specialization contributes to group 
function. The increased size of highly eusocial colonies can itself have 
emergent effects on division of labor. Larger group size is widely associ- 
ated with increased division of labor, both phylogenetically and ontogene- 
tically (Gautrais et al. 2002; Jeanson et al. 2007). For example, small colonies 
of independent-founding Polistinae wasps typically exhibit less task spe- 
cialization than swarm-founding wasps characterized by larger colonies 
(Jeanne 1991; Karsai and Wenzel 1998). 

Changes in division of labor with increased size are influenced in part by 
changes in task number and demand (Jeanson et al. 2007). Demand, defined 
as the need for tasks to be performed relative to the availability of workers to 
perform them, is expected to scale negatively with group size. This effect can 
be viewed as an economy of scale; the additional workload imposed by 
adding workers to the colony should not increase as fast as the capacities of 
those individuals to do work. Empirical evidence generally supports this as- 
sertion; in larger colonies the number of inactive or reserve workers in- 
creases, while work performed per individual generally decreases with group 
size (Wilson 1986; Lachaud and Fresneau 1987; Mailleux, Deneubourg, and 
Detrain 2003; but see also Schmid Hempel 1990). According to the model, 
at low demand levels there are enough workers available that all work is 
likely to be taken care of maintaining low stimulus levels for each task; in this 
case only those individuals with lower response thresholds are likely to re- 
peatedly engage in a given task. When demand is high, not all tasks are per- 
formed completely and their corresponding stimulus levels build up. This, in 
turn, causes many individual thresholds to be met for these tasks, and gener- 
ates random task performance rather than division of labor. 
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Increased group size can also theoretically affect division of labor via in- 
creased task number. Simple eusocial societies such as the ponerine ants 
Amblyopone pallipes tend to perform 5 to 10 tasks (Traniello 1978), while 
more complex social groups such as the Myrmicinae or honey bees perform 
20 to 40 tasks (Oster and Wilson 1978; Kolmes 1985). Colonies also in- 
crease the number of tasks ontogenetically. Nest construction in the paper 
wasp requires foraging for paper materials, foraging for water, and chew- 
ing paper and water together into pulp. In early stages of colony growth 
when colony population is low, each worker performs all of the tasks in se- 
quence. As the colony expands, workers begin partitioning the task, setting 
up a network of workers, some of whom forage for materials while others 
process them for nest construction (Karsai and Wenzel 1998). 


Noise, Complexity, and Genetic Task Specialization 


Social insect workers are theoretically pleuripotent; they are capable of 
performing any task with the exception of reproduction. However, the 
evolution of eusociality is associated with the evolution of mechanisms 
that increasingly predispose individuals to perform only a subset of tasks. 
In the more highly derived eusocial species these mechanisms include 
age polyethism and morphological castes. Although temporal and mor- 
phological polyethism are often viewed in terms of individual develop- 
mental as opposed to social dynamical processes, they involve network 
interactions among genetics, development and social context (Robinson 
1992; Page, Linksvayer, and Amdam, this volume). As one example, the 
task repertoire of workers in the ant Pheidole dentata follows a develop- 
mental progression in which repertoire size increases with age, but task 
performance varies with colony task need. Individual task performance is 
flexible, yet older workers show more plasticity than younger ants (Seid 
and Traniello 2006). 

Another mechanism for task differentiation in highly eusocial systems is 
intrinsically or genetically based task specialization, where individual 
workers are biased toward performing a subset of available tasks (Oldroyd 
and Fewell 2007). Genetic task specialization is widespread across social 
insect taxa (Oldroyd and Fewell 2007). The literature on genetically based 
task specialization in honey bees is particularly large, and includes demon- 
strations of behavioral differences based on genotype as well as explo- 
rations into the specific genetic and developmental architectures generating 
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task specialization (Oldroyd and Thompson 2007; Scheiner and Erber, 
Page, Linksvayer, and Amdam this volume). 

What benefit does genetic task specialization bring to eusocial colonies? 
The generally proposed answer is increased individual efficiency of task 
performance, usually measured by performance time or rate (Robinson 
1992). There is some evidence that some task specialists do perform tasks 
faster. Undertaker specialists in ants remove dead workers much more 
quickly than other workers (Julian and Cahan 1999), and honey bees with 
hygienic genotypes are much better at stopping infection by sealing con- 
taminated corpses (Arathi and Spivak 2001). However, there are also mul- 
tiple studies documenting no specific changes in individual performance 
rate or efficiency from task specialization (Oldroyd and Fewell 2007). 

A different potential benefit of genetic task specialization is that it could 
filter the multiple signals associated with task regulation (Gronenberg and 
Riveros, Kleineidam and Réssler, this volume). As colony size and complex- 
ity increase, the associated signal “noise” within the colony can generate an 
information load problem for individual workers. Signaling modalities in the 
social insects are especially rich and complex (H6lldobler and Wilson 1991), 
with a huge number of signals and cues being transmitted at any time within 
a large colony and thus creating a potential cacophony of competing signals. 
This is what we describe as “the problem of the Borg,” where all individuals 
instantaneously communicate with all others. Such a system might quickly 
overload the capacity of any one individual to process and respond to infor- 
mation. Therefore, the strongest efficiency benefit of genetic or intrinsic 
task specialization may occur at the point of task choice, if individual workers 
“notice” only the signals for tasks to which they are predisposed. 


Genetic Diversity and Colony Resiliency 


Although individual task specialization may increase individual productiv- 
ity, it creates a potential problem at the colony level when worker flexibil- 
ity is reduced (Oster and Wilson 1978; Page et al. 1995; Oldroyd and 
Fewell 2007). The colony must retain sufficient flexibility to allocate tasks 
across a constantly changing environment. There is increasing theoretical 
and empirical evidence that genotypic variation in highly eusocial 
colonies contributes to division of labor (Oldroyd and Fewell 2007). In 
particular, variation in response thresholds enhances colony flexibility and 
resiliency because of the ability to recover more quickly or completely 


Division of Labor in the Context of Complexity 495 


from perturbation. For example, genetically more diverse honey bee 
colonies consistently maintain more uniform temperatures in their brood 
nests, an indication that they are more resilient to external temperature 
fluctuations (Jones et al. 2004). 

Genetic subgroups within honey bee colonies vary in their propensity 
for pollen collection (Calderone and Page 1988; Fewell and Page 1993; 
2000). Under low stimulus conditions, as when extra pollen stores are 
added, only one or a few subgroups forage for pollen. When stores are 
removed, additional genetic subgroups are recruited to pollen foraging, and 
total colony effort increases accordingly (Fewell and Page 1993; Figure 
21.2). In selection experiments for pollen hoarding, Page et al. (1995) ef- 
fectively narrowed genetic variation for pollen foraging, and the resulting 


100 
75 
50 


25 


Percent of groups with task specialization 


Fa barbatus P. californicus M. pergandei 
O ee E) 
Solitary Communal 


Figure 21.2. The percent of foundress pairs in three species (four populations) 
of harvester ants (Pogonomyrmex and Messor) showing task specialization for 
excavation behavior. Data include both haplometrotic (solitary founding) and 
pleometrotic (communal founding) populations of P. californicus (compiled 
from Fewell and Page 1999; Helms Cahan and Fewell 2004). Foundresses were 
collected from the field just prior to nest excavation and placed together into 
nests filled with soil. Pairs were observed over a 1- or 2-day period and the 
number of observed excavation bouts (moving soil to the surface) were 
recorded for each individual. Significant differences in excavation behavior 
were determined for each pair using a, with an acceptable alpha value of 


p <0.05. 


496 Theoretical Perspectives on Social Organization 


colonies were far more productive in their pollen foraging. However, the 
colonies did not respond appropriately either to manipulated changes in 
pollen stores (Fewell and Page 2000) or to naturally occurring seasonal 
changes in pollen. In that case, colonies of genetic specialists for the task 
were less flexible or resilient than wild-type colonies (Page et al. 1995). 


New Explorations: The Colony as a Complex 
Adaptive System 


Division of labor within eusocial colonies shows an amazing ability to func- 
tion consistently and homeostatically within the face of a dynamic and con- 
stantly changing external environment. The properties of emergence and 
resiliency outlined above lead to the consideration of social insects as com- 
plex adaptive systems (CAS). The concept of CAS was developed primarily 
to understand how some systems of interacting agents can develop and main- 
tain a group-level structure in the absence of a central organizing source 
(Rosen 1991; Holland 1995; Auyang 1998; Levin 1998). It originated in the 
observation that groups of interacting units, from economies to ecosystems, 
seem to share certain properties in common (Holling 1973; Levin 1998). 
Subset’s of complex systems are also able to change behavior in ways that 
increase performance or success; this provides the definition of adaptive 
within complex adaptive systems. In biological terms, this is closer to the 
concept of adaptable rather than adaptive; in other words, CAS have the ca- 
pacity to change and learn from experience (Holling 1973; Rosen 1991; 
Auyang 1998). These attributes provide an excellent fit with the dynamics 
of eusocial insect colonies, especially in the context of division of labor. Eu- 
social colonies in particular share the traits of a dense but distributed net- 
work (Wilson and Hélldobler 1988; Bonabeau 1998; Fewell 2003). The 
network structures of other social systems, such as communal and primi- 
tively eusocial societies, are less well described, as are their behaviors in 
terms of resiliency and adaptability. In order to diagram the evolution of in- 
sect societies as complex systems, it would be informative to explore how 
well these systems meet or deviate from a CAS organizational structure. 
Recent explorations in complexity theory help reframe how we evaluate 
colony function. Rather than placing features of CAS within an optimality 
context (which tends to emphasize one parameter, usually efficiency), the 
more recent focus has been on system robustness, or the maintenance of 
functionality in the face of change. More robust systems are expected to 
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operate in ways that balance efficiency with the ability to adapt faster and 
respond more flexibly and resiliently to environmental change. 

Social insect colonies do more than maintain homeostasis, however. They 
grow and reproduce; in their developmental trajectories they react appro- 
priately to the external environment, but they also show developmental sta- 
bility beyond what we typically associate with robustness (Wilson 1985; 
Hdlldobler and Wilson 1991; Bonabeau 1998). Eusocial colonies are also 
more closed than other social systems, in that individuals are added or re- 
moved from the colony via birth and death but not via immigration and em- 
igration. Are these attributes consistent with CAS, or do they move eusocial 
colonies even further, to the realm of organismal characteristics? Theoreti- 
cal considerations of CAS are only beginning to explore these possibilities. 

Finally, the exploration of social groups as complex systems provides 
important insights into how selection acts on social organization from the 
individual to the group level (Auyang 1998; Fewell 2003). Self-organization 
and emergence generate a bi-directional pathway between the individual 
and the group; the route from the bottom up determines collective behav- 
ior, and the route from the top down defines how the aggregate environ- 
ment influences and constrains the behaviors of the group members 
(Moore, Brodie, and Wolf 1997; Fewell 2003). This lesson is critical to our 
understanding of social insect evolution in the context of selection. As 
soon as self-organizational dynamics come into play, the group becomes 
an entity with effects on individual phenotype and fitness. For example, as 
described above, a harvester ant queen is a winner or a loser in the fitness 
lottery depending on the foundress association in which she randomly 
joins after mating (Fewell and Page 1999; Helms Cahan and Fewell 
2004). The group cohesion generated by complexity dynamics cements 
the fitness connection between individual and group, and emphasizes that 
social evolution cannot be completely understood without the considera- 
tion of how selection and complexity dynamics interact. 
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CHAPTER TWENTY-TWO 


We 


Insect Societies as Models for 


Collective Decision Making 


STEPHEN C. PRATT 


SOCIAL INSECTS ARE OF SPECIAL INTEREST for the study of decision 
making because they make choices not only as individuals, but also as 
groups. When a honey bee forager decides between feeding at a particular 
blossom or searching for something better, she behaves much like any soli- 
tary animal, and her decision process can be studied with the same con- 
cepts applicable to a foraging jay or shrew. This approach need not go 
beyond the information available to the bee, the workings of her nervous 
system, and the effect of her decision on her future behavior and condi- 
tion. When the same bee decides whether to recruit nestmates to a patch 
of flowers, however, her choice makes sense only in terms of the colony- 
level decision of which it forms but a small part. At this larger scale, the 
colony as a whole decides how to allocate thousands of foragers across 
scores of potential food sources over tens of square kilometers. No indi- 
vidual bee will ever consider every source and decide how many foragers 
should visit each. Instead, each bee will make narrow decisions based on 
local information—whether, for example, to search for new food sources 
or to follow a recruitment signal to a patch already discovered by a nest- 
mate. A coherent group decision emerges from many such individual 
choices, guided by appropriate behavioral rules and coordinated via spe- 
cialized signals and cues. To comprehend this process, we must analyze the 
bee as part of a complex and highly integrated network. 

These decision-making networks are not unique to social insects. 
Group-living vertebrates make consensus choices about when and where 
to travel (Conradt and Roper 2005). Fish schools and bird flocks make 
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spectacular acrobatic movements requiring highly coordinated decisions 
(Couzin and Krause 2003). At a smaller scale, colonial bacteria jointly de- 
cide when to activate virulence factors or perform other acts that require 
the cooperation of many cells (Miller and Bassler 2001). Even the decision 
making of a single brain can be described usefully as collective choice by a 
“society” of neurons. Despite their diversity, these and similar systems 
share common themes, including coordination without a central con- 
troller, the emergence of global order from local interactions, and the gen- 
eration of precise group behaviors from the contributions of many imprecise 
individuals. This commonality means that understanding the collective de- 
cision making of an ant or bee colony can expand to knowledge well be- 
yond the social insects. 

In recent years, ants and bees have provided some of the best-described 
mechanisms of collective decision making, thanks in large part to the rela- 
tive simplicity, openness, and experimental tractability of their societies. 
Individual workers—the rough analogs of neurons in a decision-making 
brain—can be uniquely identified and tracked, and colonies can be exper- 
imentally taken apart and re-assembled to rigorously test specific hypothe- 
ses of colony function. Further, the rich data sets that result can aid the 
development of realistic mathematical models and computer simulations. 


Table 22.1. Summary of collective abilities and underlying behavioral 
mechanisms addressed in this chapter 


I. Decision-making abilities of colonies 
Selecting the best of several options 
Comparing options that vary in multiple attributes 
Adjusting preferences according to environmental context and 
colony state 
Trading off the speed and accuracy of decision-making 


II. Behavioral mechanisms underlying colony abilities 
Positive feedback generated by nestmate recruitment 
Quorum rules that mark key decision points and filter out 

individual errors 

Individual assessment rules based on simple but informative local cues 
Behavioral algorithms that can be tuned to decision context 
Independent decision-making by large numbers of individuals 
Abandonment of options by individual workers, to avoid stalemates 
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Such models are especially important in the study of complex collectives, 
where unaided intuition has difficulty connecting individual and group 
behavior (Sumpter and Pratt, 2003; Franks, et al. this volume). 

In this chapter, I review the current understanding of collective decision- 
making by insect societies. The capacities of colonies as a whole are con- 
sidered first, followed by an examination of underlying behaviors and 
social interactions (Table 22.1). The goals of this review are both to high- 
light recent discoveries about the remarkable collective abilities of these 
societies, and to suggest the advantages of insect societies as experimen- 
tal model systems for the general phenomenon of collective decision 


making. 


Decision-Making Abilities of Insect Societies 


Many of the best-studied cases of collective decision making concern for- 
aging. Colonies of the honey bee Apis mellifera, for example, use their 
waggle dance recruitment signal to direct foraging efforts to clumped re- 
sources. When given a choice between two artificial feeders differing in 
the richness of their sucrose solution, colonies make a clear choice, con- 
centrating most of their foragers on the better site. When foraging on nat- 
ural sources, they can track the changing quality of multiple sources over a 
large region. Many ant species use pheromone trails to recruit nestmates 
to rich foraging sites, and they too will selectively exploit the better of two 
feeders (Beckers et al. 1990, Sumpter and Beekman 2003) (Figure 22.1). 
Trail-following ants can also pick the better of two routes to a food souree— 
given a choice between a long and a short bridge leading to a single feeder, 
Lasius niger workers begin by using both routes, but soon direct all traffic 
to the shorter one (Beckers, Deneubourg, and Goss 1992). 

Much has also been learned about how colonies choose among nest sites. 
These decisions have significant fitness consequences, because the struc- 
ture and location of the nest determine whether proper conditions can be 
met for brood development, food storage, and effective defense from pred- 
ators and parasites (Visscher 2007). Colonies of Temnothorax ants, for ex- 
ample, typically nest in natural cavities such as hollow stems, rock crevices, 
or nut shells. If their home is damaged they emigrate to a new one, guided 
by an active minority of workers who find the new nest and carry the rest of 
the colony to it (Mallon et al. 2001, Pratt et al. 2002). When more than one 
site is available, the colony chooses among them on the basis of several 
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Figure 22.1. Collective decision making by colonies of the ant Monomorium 
pharaonis presented with two feeders containing sucrose solution of different 
concentration. (A) The ants form a stronger recruitment trail to the better 
feeder. (B) The ants’ behavior can be fit with a simple mathematical model that 
assumes: (1) the rate at which ants join a trail is proportional to the amount of 
pheromone already deposited on the trail; (2) the rate at which ants reinforce 
the trail with pheromone is proportional to feeder quality; and (3) the rate at 
which ants lose the trail is a declining nonlinear function of the number of ants 
on the trail. Adapted from Sumpter & Beekman (2003). 
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attributes, including entrance size, cavity volume, light level, nest hygiene, 
and nearness to conspecific colonies (Visscher 2007; Franks et al. 2007). 
Honey bee swarms, also cavity-dwellers, show similarly complex discrimi- 
nation when choosing a site (Seeley, Visscher, and Passino 2006; Visscher 
2007). Species that live in cavities may place an especially strong emphasis 
on choosing a site well, because they will have less opportunity to improve 
a deficient site compared with societies that excavate their nests or build 
them from scratch. Nonetheless, nest site selection is a general problem for 
all insect societies, and noncavity dwellers can also collectively choose 
among nest sites that vary in quality (Jeanson et al. 2004). 


Choosing among Options with Multiple Attributes 


Whether choosing among food sources or nest sites, a colony’s first decision- 
making challenge is the complex nature of its options. Candidate nest sites, 
for example, vary in multiple attributes measured along very different scales. 
This places a high cognitive burden on colonies, as they must assess each 
available option for several distinct properties and somehow integrate this 
information to determine the best alternative. Moreover, they must deal 
with the likely circumstance that no single site is the best choice for every at- 
tribute. Human decision makers cope with analogous problems by using 
simplifying rules of thumb, and animals likely take a similar approach 
(Hutchinson and Gigerenzer 2005). Some of these rules reduce the prob- 
lem’s complexity by evaluating only a subset of the alternatives—under the 
satisficing strategy, for instance, options are considered singly until one is en- 
= countered that exceeds a threshold value for each attribute (Simon 1990). 
Other rules, such as the lexicographic strategy, consider all options, but at- 
tend only to a subset of their features. Each option is evaluated only for the 
most important attribute and the highest ranked is chosen (Payne, Bettman, 
and Johnson 1993). Further attributes are considered only if necessary to 
break a tie. 

A more taxing rule, the weighted-additive strategy, always considers 
every attribute of every option (Payne, Bettman, and Johnson 1993). Al- 
ternatives are ranked according to a weighted sum of their separate attrib- 
ute scores, and the highest scorer is chosen. Temnothorax colonies appear 
to use this rule when choosing a nest site (Franks, Mallon, et al. 2003). 
They reliably choose a dark nest with an undesirably low ceiling over a 
bright one with the preferred ceiling height, showing that they weight 
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darkness more heavily than height. Likewise, they choose a thick nest with 
a big entrance over a thin one with a small entrance, showing that thick- 
ness is weighted more heavily than entrance size. More tellingly, they can 
be convinced to choose a bright nest over a dark one only if the bright nest 
is superior in both of the other attributes. This implies that colonies evalu- 
ate and weight all attributes, not only the most important ones, such that a 
sufficiently strong showing in lesser attributes can make up for a poor 
score in the top feature. 


Adaptive Tuning of Preferences 


A colony’s preferences are not static; they depend both on colony state and 
on environmental context. For example, colonies tune their preferences to 
match the quality range of available options. A honey bee colony will ig- 
nore artificial nectar feeders offering less than a threshold sucrose solution 
if better natural or artificial sources are available. If foraging conditions are 
poor, however, colonies will eagerly accept these dilute sources (Seeley 
1995). Likewise, emigrating colonies of Temnothorax ants consistently 
reject a mediocre nest if a good one is also present, but they will readily 
move into the same mediocre site if it is the best on hand (Mallon, Pratt, 
and Franks 2001; Pratt 2005). This adjustment is not a mere loss of dis- 
criminatory power under difficult conditions. Colonies continue to make 
choices, because they reject still worse nests made available at the same 
time as the mediocre one. With only relatively low-quality sites to choose 
from, however, colonies shift their discrimination range downward, mak- 
ing distinctions among options that would all be rejected if a better candi- 
date were present. This flexibility and context-dependence are important, 
because they allow a colony to take advantage of excellent options when 
possible, but prevent paralyzing indecision when all alternatives are poor. 
In addition to their sensitivity to the external environment, colonies 
change their preferences according to their own state. For example, honey 
bees derive their protein from pollen, and they actively regulate the 
amount stored in their combs at about 1 kg, taking in more pollen when 
their internal stores are low than when they are high (e.g., Fewell and 
Winston 1992; Weidenmiiller and Tautz 2002; Camazine 1993). They also 
adjust pollen foraging according to the protein demand created by devel- 
oping brood, with greater pollen-foraging effort at higher brood amounts 
(e.g., Dreller, Page, and Fondrk 1999). Ants and stingless bees make 
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similar adjustments based on the relative amounts of nectar and pollen 
currently stored (Hofstede and Sommeijer 2006; Biesmeijer et al. 1999; 
Judd 20085; Stein, Thorrilson, and Johnson 1990). Colonies also take inter- 
nal state into account in decision contexts other than foraging. Honey bees 
monitor both the size of their stock of empty comb and the relative quan- 
tity of worker and drone comb when deciding on the timing and type of 
new construction (Pratt 2004). In general, colony state will be as important 
to adaptive decision making as the quality of the options themselves. 


Unanimity versus Balance 


Many decisions require consensus on a single choice. An emigrating colony, 
for example, generally needs to move cohesively to one new home. Honey 
bee swarms are especially adept at reaching unanimity, perhaps because of 
the high cost paid by those that split. A swarm consists of a single queen 
and several thousand workers (Seeley, Visscher, and Passino 2006). If the 
swarm should divide and move to two separate nests, the queenless por- 
tion will be doomed to a quick death with no real hope of reproduction. 
The queenright portion, meanwhile, will lose the considerable investment 
and immediate work capacity of the missing bees. Splitting would appear 
to be a real danger, because a swarm’s scouts find and assess large numbers 
of candidate sites. The swarm is nonetheless able to winnow these down to 
a single choice before flying off to the new home (Seeley, Visscher, and 
Passino 2006). In rare cases, swarms have been observed to lift off and en- 
gage in an aerial tug-of-war, apparently because multiple groups of scouts 
were attempting to lead the swarm to different sites (Lindauer 1967). The 
disagreements generally ended with the swarm settling down to resume its 
deliberations until a single site was chosen. Swarms combine this cohesive- 
ness with accurate decision making, consistently selecting a high-quality 
artificial nest provided among four mediocre alternatives (Seeley and 
Buhrman 2001). In nature, swarms commonly consider a dozen or more 
sites, so this test likely does not show the limits of a swarm’s abilities (Lin- 
dauer 1967; Seeley, Visscher, and Passino 2006; Visscher 2007). Temnotho- 
rax ants also avoid splits, although not as effectively as honey bees (Pratt 
et al. 2005). Like the bees, ant colonies can consistently choose a single 
good nest among four inferior ones (Franks, Mallon, et al. 2003). 

Unlike nest site selection, foraging decisions are often not unanimous. 
When presented with two feeders containing sucrose solution of different 
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concentrations, a honey bee colony directs most foragers to the richer 
one, but it sends a small proportion to the lesser one as well. If the feed- 
ers are identical, it divides its foraging force roughly equally between 
them. In contrast, colonies of Lasius niger faced with similar situations al- 
ways set up a foraging trail to only one site: the better one if the feeders 
differ, and a randomly selected one if they are identical (Beckers et al. 
1990; Portha, Deneubourg, and Detrain 2002). In nature, these ants often 
choose among patches of honeydew-producing aphids. These are rich and 
long-lived resources, and colonies may benefit from concentrating their 
foraging forces at one or a few patches in order to defend them effectively 
from competitors. Consistent with this explanation, colonies show a much 
more homogeneous distribution of foragers when presented with two 
identical protein baits (Portha, Deneubourg, and Detrain 2002). Pro- 
teinaceous prey items are more likely to be scattered and ephemeral and 
thus to reward a more even dispersion of foragers. The diffuse foraging 
strategy of honey bees may enable rapid response to temporal changes in 
source quality. Experimental reversal of feeder richness is followed 
within a few hours by a complete reversal in the distribution of foragers 
across the two sources (Seeley 1995). L. niger colonies apparently lack 
this flexibility; once they have set up a strong trail to a mediocre source, 
they cannot switch their attention to a better source made available later 
(Beckers et al. 1990). 


Speed/Accuracy Trade-Offs 


A colony will benefit not only from picking the best option, but also from 
making its decision quickly. These priorities are likely to be in opposition, 
because gathering the information needed for an accurate decision takes 
time. Human decision makers must also choose between speed and accu- 
racy, and they can do so adaptively, emphasizing one or the other as the sit- 
uation demands (Ratcliff and Rouder 1998). Similar abilities should be of 
great value to an insect society. When a colony's nest has been destroyed 
or is menaced by predators, or when it faces intense competition for 
ephemeral food sources, it may prize a rapid choice more highly than a 
good one. In other circumstances, time pressure may be less and a colony 
should invest time in improving its choice. Temnothorax ants can dramati- 
cally alter their speed/accuracy trade-off when choosing between good and 
mediocre nest sites in conditions of either high or low urgency (Franks, 
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Dornhaus, et al. 2003; Pratt and Sumpter 2006). If their old nest is de- 
stroyed they typically complete emigration within 3 hours, but they often 
move into the lesser site. If their old nest is simply of poor quality but 
nonetheless habitable, they take much longer to move and nearly always 


pick the good site. 


Collective Decision-Making Mechanisms 


Group decision making poses something of a paradox. Collectives should 
be better decision makers than the individuals that compose them because 
they have the benefit of multiple information gatherers and processors. At 
the same time, the individuals within the collective are at a disadvantage 
because they know much less about the decision at hand than would a soli- 
tary animal. An ant on a foraging trail, for example, typically knows only 
the food source to which the trail leads, and nothing of the other sources 
her nestmates are exploiting elsewhere. Comparison of multiple sources 
must therefore be carried out by the colony as a whole, rather than inde- 
pendently by many well-informed individuals. For this reason, collective 
decision making depends crucially on the specialized behavioral rules that 
these individuals apply to limited information and on the communication 
pathways that allow each worker to adapt her behavior to that of her nest- 
mates. These rules have been described in detail for a number of species 
solving different decision problems. Although the details vary, a number of 
common themes shine through. 


Recruitment Communication and Positive Feedback 


At the heart of most collective decision-making systems is some process of 
positive feedback (Jeanson, and Deneubourg this volume). For many 
ants, feedback arises from nestmate recruitment via pheromone trails. 
Lasius niger provides a particularly well-studied example. Foragers that 
find a sucrose bait lay a pheromone recruitment trail that attracts and 
guides nestmates to the site. These recruits may in turn reinforce the 
trail, increasing its ability to bring still more recruits. This process can 
rapidly concentrate a large force at a profitable location, boosting the 
colony’s foraging rate. When more than one source is present, positive 
feedback plays a crucial role in deciding among them. Individual ants 
condition the intensity with which they deposit pheromone on the richness 
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of the food source (e.g., Beckers, Deneubourg, and Goss 1993). Better 
sites thus experience stronger trail reinforcement. This effect will be 
compounded by the successive decisions of each recruit and can lead to 
runaway growth of the trail to the better site, and a withering away of re- 
cruitment at the lesser site (Figure 22.1). This process does not depend 
on any ant visiting both sites and comparing them. It emerges from the 
competition among sites to attract the same pool of potential recruits. 
The fastest-growing site will monopolize this resource and thus prevent 
lesser sites from attracting and retaining foragers. The positive feedback 
of trail-laying also underlies the choice of an optimal route. Because the 
shorter of two routes enjoys a higher rate of passages, and thus trail rein- 
forcement, it rapidly becomes the favored path for all ants (Beckers, 
Deneubourg, and Goss 1992). 

Besides trail pheromones, any behavioral interaction creating positive 
feedback on the numbers of individuals choosing an option can produce a 
collective decision. This includes waggle dance recruitment by honey bees 
and tandem run recruitment by Temnothorax ants. The necessary positive 
feedback is possible even without explicit recruitment. In many social 
arthropods, aggregation decisions rely on simple rules that make joining a 
group more likely (and leaving it less likely) as group size increases (Jean- 
son, and Deneubourg this volume). Positive feedback can also operate 
through imitative behavior, as when members of a group align their move- 
ment vectors with those of their neighbors. Simulations suggest that a fly- 
ing swarm of bees following this strategy can direct itself toward a goal 
known only to a small minority of informed scouts (Beekman, Fathke, and 
Seeley 2006; Couzin et al. 2005). If the scouts are divided between adher- 
ents to two different goals, the imitative behavior can amplify even a slight 
majority of the scouts into a collective decision for their favored heading 
(Couzin et al. 2005). 

While all of these systems are based on positive feedback, they show 
important differences in collective performance, as noted above. Much 
of this variation arises from differences in the response of an individual 
insect to the increasing strength of the cues that stimulate her selection. 
In some cases, such as trail-laying ants, this function is highly nonlinear. 
That is, the likelihood of an ant choosing a given trail increases in a 
nearly step-like fashion as the pheromone concentration increases. In 
other cases, such as the waggle dances of honey bees and the tandem 
runs of Temnothorax, the response of individuals to recruitment cues is 
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more linear. A doubling of the number of bees dancing for a site will 
roughly double the number being recruited. A doubling of pheromone 
trail concentration by Lasius niger, on the other hand, leads to far more 
than a doubling of its effectiveness in bringing recruits to a food source. 
This nonlinearity leads to highly discrete decision making, with complete 
dedication of the colony to a single choice even when options do not vary 
in quality (Jeanson, and Deneubourg in this volume). Honey bees, with 
their more linear recruitment system, evenly divide their workforce be- 
tween similar options. 

Nonlinearity can also influence the response to changing conditions. As 
mentioned, Lasius niger ants that have already set up a trail to a mediocre 
food source cannot switch their efforts to a better source made available 
later (Beckers et al. 1990). It appears that strong positive feedback traps 
foragers in the already established trail. Tetramorium caespitum colonies, 
in contrast, can abandon a trail for a new food source in favor of a later- 
discovered but better one (Beckers et al. 1990). This ability depends on 
T. caespitum’s mixed foraging strategy, in which ants are recruited either 
by strong pheromone trails or by scouts who directly lead a small group of 
recruits. These leaders can ignore the pull of a powerful trail and set up a 
new foraging effort at a better site. Myrmica sabuleti can likewise switch to 
a better source, at least for large enough differences in quality (de Biseau, 
Deneubourg, and Pasteels 1991). Their ability does not depend on group 
recruitment, but instead may be explained by stronger modulation of trail- 
laying behavior in response to food quality. As long as the new source is 
sufficiently superior to the old one, the new trail can self-amplify with 
enough strength to divert the colony's foragers from the old trail. This kind 
of modulation may explain why other species with strong pheromone trail 
feedback are more flexible than L. niger (Beckers et al. 1990; Sumpter and 
Beekman, 2003). 


Quorums and Thresholds 


Honey bees and tandem-running ants must sometimes make unanimous 
decisions, as when they decide among nest sites. How do they do so if the 
linearity of their recruitment system disperses workers over multiple op- 
tions? Interestingly, nonlinearity appears to re-enter the system at a 
higher level of organization. Both honey bees and Temnothorax rely on a 
quorum rule when choosing among nests (Pratt et al. 2002; Seeley and 
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Visscher 2004). In each case, scouts search for sites and recruit fellow 
scouts to promising finds. The bees recruit by waggle dances which com- 
municate the distance and direction of the new site, while the ants di- 
rectly guide recruits to the new site using tandem runs. In both cases 
scouts vary the strength of their recruitment depending on the quality of 
the site they have found. Honey bees perform a larger number of waggle 
runs for better sites (Seeley and Buhrman 2001) and ants initiate tandem 
runs sooner to better sites (Mallon, Pratt, and Franks 2001). Recruit- 
ment of scouts continues only until a threshold number have been sum- 
moned to the new site. The scouts themselves sense the attainment of 
this quorum and dramatically change their behavior, making a full com- 
mitment to the site as the colony’s new home (Figure 22.2). For honey 
bees, this means returning to the swarm and inducing it to prepare for 
liftoff and travel to the new site (Seeley and Visscher 2004). For the ants 
it means abandoning tandem runs in favor of transports that more rap- 
idly carry the nonscouting majority of the colony to their new home 
(Pratt et al. 2002). Models show that this step-like change increases the 
colony's likelihood of unanimously moving into the best nest (Pratt et al. 
2005; Passino and Seeley 2006). 

Quorum rules are a recent discovery in collective decision making, but 
they may prove to be a general phenomenon. They offer a simple and ac- 
cessible cue that allows each worker to coordinate her own efforts with 


Figure 22.2. Collective decision making by emigrating colonies of the ant 
Temnothorax curvispinosus. (A) Decision algorithm used by active scouts. 
Search consists of exploratory journeys from the old nest and gives way to 
assessment once the ant finds a site. Assessment ceases at a rate that depends 
on site quality, and the next behavior is chosen on the basis of a quorum rule. 
(B) At low site population, the ant canvasses her fellow active ants by leading 
them to the site in slow tandem runs. Once she judges the population to have 
reached the quorum, the ant fully commits to the site and uses speedy 
transports to bring the passive adults and brood that constitute the majority of 
the colony. (C) Speed/accuracy trade-offs for colonies choosing between a good 
and a mediocre nest. Ants can tune their algorithm to move fast in times of 
high urgency, but at the cost of lower accuracy, measured as the proportion of 
the colony ending up in the good nest (open triangles). If urgency is low, the 
ants instead take more time and make a more accurate choice (filled circles). 
Adapted from Pratt & Sumpter (2006). 
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those of her nestmates. In effect, an option must pass two tests to be cho- 
sen: it must receive the positive judgment of the scout herself, and it must 
also attract sufficient attention from other scouts to push it above the quo- 
rum. This stringent testing accentuates the colony’s discrimination be- 
tween options of different quality. House-hunting scouts of Temnothorax, 
for example, initiate recruitment sooner to better sites, ensuring faster 
growth of the scout population at those sites. The quorum rule amplifies 
this difference by significantly accelerating recruitment at the first site to 
attain a quorum, which will most likely be of relatively high quality. More 
generally, a quorum rule provides an error check against individual work- 
ers who recruit too soon or too eagerly to a relatively poor option. Any 
nonlinear system is endangered by such errors, because positive feedback 
can rapidly exaggerate them. The quorum requirement filters out the ef- 
fects of individual errors by demanding that several insects “vote” for an 
option before the group fully commits to it. 


Assessment Rules 


Effective decision making requires each worker to assess an option and tune 
her recruitment effectiveness to the option’s value for the colony. Assessment 
can sometimes reduce to evaluation of a single attribute. For example, for- 
agers of the ant Pheidole pallidula adjust their probability of recruiting nest- 
mates to a prey item according to the difficulty they have in dragging it—only 
items too large to be shifted by a single ant will experience strong recruit- 
ment of nestmates, who can then help to cut the prey into manageable pieces 
(Detrain and Deneubourg, 1997). This simple rule allows a colony to match 
its foraging effort to the demands posed by a food source. Likewise, a Lasius 
niger worker foraging at a patch of honeydew-secreting aphids will lay a re- 
cruitment trail only if she can fill her crop to a desired threshold volume 
(Mailleux, Jean-Louis, and Detrain 2000). Simulations show that colonies fol- 
lowing this rule can effectively match the number of foragers exploiting a site 
to its total honeydew production (Mailleux, Deneubourg and Detrain 2003). 

Assessment of an option may also require integration of data about the 
colony itself. Honey bee foragers attend to the concentration of sugar in a 
nectar source, adjusting the number of waggle runs in their recruitment 
dance according to the strength of the advertised source, thus allowing the 
colony to match foraging effort to food quality (Seeley 1995). This simple 
rule is further modulated by a separate evaluation each bee makes at the 
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nest—she lowers her dance effort as she experiences a greater delay in 
finding a nestmate to receive her nectar load (Seeley 1995). This delay 
measures the imbalance between the colony’s current nectar intake and its 
capacity for more nectar storage, and thus allows the forager to calibrate 
her judgment of site quality to the colony's current need. If the delays are 
sufficiently large, the forager abandons waggle dancing altogether and per- 
forms a tremble dance, which serves to recruit more nectar receivers and 
thus alleviate the processing bottleneck (Seeley 1995). In addition to these 
temporal cues, foragers may learn about the colony’s total nectar influx 
from the number of food receivers that unload them, with larger numbers 
indicating lower influx (De Marco 2006). 


Adaptive Tuning of Individual Behavior 


As external conditions change, so can a colony's decision priorities; there- 
fore, the colony must be able to alter its decision behavior accordingly. 
One way to do so is to rely on specialized choice mechanisms for each 
context, but the emigration behavior of Temnothorax suggests a different 
strategy: quantitative tuning of a single, flexible algorithm. The decision 
rules used by scout ants comprise a steplike series of increasing commit- 
ment to a candidate site. By adjusting key parameters governing their ad- 
vancement through these stages, ants can influence how the colony as a 
whole balances the speed and accuracy of decision-making (Pratt et al. 
2005) (Figure 22.2). By raising the rate at which they leave the old nest to 
search for a new home, and the rate at which they initiate recruitment to 
a site of given quality, scouts can sharply increase emigration speed, but at 
the cost of reducing decision accuracy (Pratt and Sumpter 2006). Thus, 
the ants can use a single complex algorithm to deal with two very differ- 
ent problems—abandonment of their old nest in a crisis versus careful 
choice of a new home when better ones become available. This is possible 
because the algorithm’s quorum-based design allows quantitative tuning 
of key parameters to produce major functional changes. 


Independent Individual Decisions 


It is important to note that individual workers are not driven mindlessly 
by the overwhelming power of recruitment mechanisms. Effective deci- 
sion making requires that each worker act as an independent information 
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processor. Recruitment brings a worker to an option, but she then decides _ 
on her own whether to become a recruiter herself. Theoretically, integrat- 
ing the independent choices of many decision makers leads to an overall 
choice that is more precise than that made by any individual (Simons 
2004). This benefit would be lost if each worker slavishly imitated the be- 
havior of its nestmates. 


The Importance of Forgetting 


Another important aspect of decision making is an individual's capacity to 
abandon an earlier choice. If colonies are to respond to changes in their 
environment or to new knowledge, they must redirect attention from for- 
merly promising options. For example, honey bee nest site scouts that 
have started to recruit to a candidate nest site eventually cease doing so, 
even if the site remains attractive and the colony has not yet made a deci- 
sion (Seeley 2003). Retirement occurs later for better sites, but it occurs 
eventually for every site, even the one that is ultimately chosen by the 
swarm. One potential advantage of retirement is to avoid deadlock, with 
competing groups of scouts at multiple sites persistently advertising 
their candidates. Simulation of the swarm’s decision making shows that 
too-fast retirement greatly slows decision making by making it difficult 
for any site to reach a quorum, while too-slow retirement yields frequent 
split decisions in which a quorum is reached at more than one site 
(Passino and Seeley 2006). A retirement rate near that seen in actual 
colonies makes splitting rare, but ensures a decision after a few days of 
deliberation. 


Comparisons by Individual Insects 


The preceding discussion emphasized highly local decisions by individ- 
ual insects, each lacking full knowledge of all options under considera- 
tion. This is the typical situation in which workers act, but this does not 
mean that individuals lack the ability to directly compare options and 
choose the better one. Evidence suggests, for example, that scouts of 
Temnothorax albipennis that have visited two candidate nest sites are 
fully capable of selecting the better one (Mallon, Pratt, and Franks 
2001). These well-informed ants were far more likely to recruit nest- 
mates only to the better site than would be expected if they chose a re- 
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cruitment target randomly. It should not be surprising that an insect ca- 
pable of assigning a quality score to a complex, multi-attribute option 
can compare such scores for two options. It is well-known that solitary 
insects carry out similar or more complicated acts of comparison, and 
there is no reason to suppose that social individuals have inferior cogni- 
tive abilities. For insect societies the key point is the rarity of opportuni- 
ties to make such comparisons, given the large array of options likely to 
come under scrutiny of at least one colony member. The difficulty in the 
organization of collective decision making is not the cognitive limita- 
tions of the colony’s members, but rather their ignorance. Insect soci- 
eties generally lack information-sharing systems that grant each colony 
member access to all knowledge gathered by her nestmates, or that 
channel this knowledge to a select cadre of centralized decision makers 
(Seeley 2002). Instead, insects make use of carefully tailored decision 
rules and local information-sharing pathways that allow an adaptive de- 
cision to emerge in an entirely decentralized way. 


Conclusions 


Do discoveries about insect societies hold lessons for the study of other 
collective decision makers? One reason to think that they do is the increas- 
ing attention to similar mechanisms in social vertebrates. Because of their 
cognitive complexity, it might be assumed that vertebrate groups make de- 
cisions through well-informed leaders who process all relevant data and di- 
rect the rest of the group to the best option. For many groups, however, 
consensus emerges instead from simple local interactions among individu- 
als, without direction by a central controller (Conradt and Roper 2005). 
Vertebrate societies may have many reasons to rely on such decentralized 
mechanisms. For one, just as in social insects, the scale of large groups may 
deny any single animal a synoptic view of the problem at hand. Another 
reason is that a consensus built with input from all may better allow nego- 
tiation of different preferences among group members (Conradt and 
Roper 2005). Even when all group members have the same preferences, a 
decentralized approach may produce a superior choice by smoothing out 
the errors made by individual animals (Simons 2004). 

The collective mechanisms of social insects also find parallels at lower 
levels of biological organization, such as the highly decentralized organiza- 
tion of nervous systems. Cognition arises from a massive number of local 
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interactions among neurons, in which threshold effects and positive feed- 
back play key roles. Recent work on the neural mechanisms of decision 
making suggests that competing populations of neurons accumulate bits of 
data in favor of each option, until a threshold activity level is reached for 
one of them (Bogacz 2007). This model finds a remarkable echo in the 
quorum-dependent house-hunting algorithms of ants and bees. A more 
obvious example of quorum-sensing at the cellular level is seen in many 
kinds of colonial bacteria that monitor the local density of cells and initiate 
certain behaviors only when a threshold density is exceeded (Miller and 
Bassler 2001). The quorum-detection mechanism and goals are very 
different from those of insects, but the tactic for group coordination is fun- 
damentally similar. 

Ultimately, understanding bacterial coordination, nervous systems, or 
vertebrate social structure requires detailed study of those systems, yet so- 
cial insects can offer basic insights that may inform these studies. Under- 
standing any collective system requires an algorithmic description of its 
behavior—a detailed accounting of the behavioral rules followed by group 
members and the contextual cues and interactions that guide them. This 
goal is especially attainable for insect societies owing to their small size, in- 
termediate complexity, and experimental tractability. The resulting de- 
scriptions must be paired with the testing of precisely-stated hypotheses 
for how adaptive group behavior emerges from the interactions of many 
insects following these algorithms. In general, the less-than-obvious impli- 
cations of individual actions for group behavior mean that mathematical 
models and computer simulations are a vital tool. Even in the social in- 
sects, this approach is still only partly developed, but a few well-described 
cases, described in this review, can now be seen as model systems. Further 
development of these systems and other well-chosen examples promises 
insights not only into the organization of colonies of ants and bees, but of 
collective decision-making systems in general. 
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From Social Behavior to Molecules: 
Models and Modules in the Middle 
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GENE E. ROBINSON 


SOCIOGENOMICS (molecular and genomic studies of social behavior) is 
still young, but the field is advancing rapidly (Robinson, Grozinger, and 
Whitfield 2005) due largely to the explosive growth of genomic resources. 
Thanks to new genomic databases and technologies it is increasingly feasi- 
ble to identify genes or molecular pathways associated with aspects of so- 
cial behavior. The annotated honey bee genome, for example, can assist 
positional cloning efforts building on studies that have identified quantita- 
tive trait loci for social traits (Hunt et al. 1995; Page, Gadau, and Beye 
2002; Rueppell et al. 2004; Rueppell, Pankiw, and Page 2004). It facilitates 
testing candidate genes suggested from comparative analyses with other 
organisms (Ben-Shahar et al. 2002; Kucharski et al. 2000; Toma et al. 
2000), and enables genome-wide microarray analyses (Grozinger et al. 
2003; Whitfield, Cziko, and Robinson 2003). Identifying molecular ele- 
ments associated with social behavior is one challenge; analyzing how 
genes or molecules function to influence social behavior is a different and 
perhaps more difficult question. 

The path linking genes and behavior is invariably complicated (Hall 
2003), but social behavior adds an additional tier of complexity because it 
depends on interaction and communication between individuals. For the 
advanced insect societies, a society contains tens or even hundreds of thou- 
sands of individuals. Social interactions are multimodal and complex (Wil- 
son 1971), and many aspects of behavior are regulated by social feedback 
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(Leoncini et al. 2004). The colony-level traits of particular interest to socio- 
biologists, such as division of labor and nest construction, are in part self-or- 
ganizing (Bonabeau and Theraulaz 1999; Bonabeau et al. 1997; Franks et 
al., Fewell, Schmidt and Taylor et al., this volume) and therefore particu- 
larly difficult to relate to molecular events occurring within an individual. 

In this chapter we discuss how molecular analyses of social behavior can 
be aided by dissecting social behavior into simpler behavioral modules 
that are easier to relate to molecular or neural processes. The concept of 
modularity has broad utility in fields of biology examining complex inter- 
acting systems, particularly evolutionary and developmental biology. Al- 
though the concept of modularity is somewhat intuitive, modules of a 
complex system can be difficult to define precisely. In developmental biol- 
ogy, modules are defined as distinct organizational or functional units 
within the body (Carroll 2005). We borrow that perspective here to de- 
scribe a behavioral module as a distinct organizational or functional unit in 
the expression of complex behavior. 

Modules in developmental biology are somewhat obvious since most 
animal body plans are constructed from serially repeated structures or seg- 
ments (Carroll 2005). Vertebrae and the associated segmental musculature 
are an example. Modification of the basic module generates structural and 
functional variation within an animal (e.g., the lumbar, thoracic, and cervi- 
cal vertebrae), and between-species evolution has generated variation in 
body plans by varying the design and number of basic modules (Carroll 
2005). Evolutionary developmental biology has made enormous strides 
toward understanding the genetic control of development and evolution of 
body plans by focusing attention on how genes build modules and how 
modules have been adapted both within and between species (Carroll 
2005; Laubichler and Gadau, this volume). 

Behavioral modules are more abstract than the segmental modules of 
developmental biology since behavioral modules are based on function 
rather than structure. For example, rhythm is considered a functional 
module in the expression of many forms of behavior, and behavioral gene- 
tics has made enormous strides toward understanding the genetic basis of 
behavior by focusing on rhythm. In Drosophila this led to the discovery of 
the molecular clock (Weiner 2000). The clock module crops up repeatedly 
in Drosophila as a regulator of very different forms of behavior cycling 
over very different periods, including diurnal activity and courtship songs 
(Hall 1998; Weiner 2000); hence, it seems that within a species the same 
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basic clock module has been repeatedly adopted for different functions. 
Focusing on how the clock module has been modified has revealed how 
evolution has generated variation in courtship songs between species 
(Weiner 2000; Gleason 2005). 

There are many approaches for dissecting social behavior into behavioral 
modules; these can be grouped into two broad categories. The first involves 
modeling social behavior to suggest relevant behavioral modules and to 
propose hypotheses for gene function. The second approach involves bor- 
rowing behavioral modules from a different (usually solitary) context and 
exploring their role in social behavior. Something is usually known of the 
molecular or neural mechanisms underlying the borrowed modules, and 
consequently this approach also leads to hypotheses for mechanistic analy- 
ses of social behavior. Because of the diversity of social behavior, the most 
appropriate strategy for behavioral dissection varies case by case. 

In this chapter, we highlight cases that illustrate how taking a modular 
approach to social behavior can help explain the underlying molecular 
mechanisms. First, we discuss how the response threshold model and state 
space model have facilitated molecular analyses of division of labor in 
honey bees and the molecular basis of aggression in lobsters. We then con- 
sider how borrowing a reinforcement module known in the context of in- 
dividual learning has helped understand pair bonding in voles and division 
of labor in honey bees. We do not champion one approach over another; 
rather, we use these examples to illustrate the successful synergy among 
modeling, modular, and molecular analyses of social behavior. 


The Response Threshold Model 


The response threshold model is one of the oldest and simplest models of 
animal behavior. The model states that responses to various stimuli by an 
individual are based on stimulus thresholds; stimulus levels below an indi- 
vidual’s threshold result in no response whereas super-threshold stimuli 
elicit a reaction. The response threshold model was originally developed to 
aid in predicting individual behavior (Loeb 1918; Manning 1967), and it 
proposes a strategy for dissecting behavior in a way that is easily related to 
neuronal properties. An individual neuron only responds when a stimulus 
sufficiently depolarizes the membrane potential, eliciting either graded or 
all-or-nothing responses (depending on the type of neuron). The response 
threshold model suggests a behavioral dissection into modules associated 
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with stimuli involved in the behavior. For example, nest guarding in honey 
bees is a complex social interaction involving tolerance of nestmates, re- 
buttal of non-nestmates, and the ability to distinguish between the two. 
Applying the stimulus response model simplifies guarding by focusing on 
identifying stimuli that increase the likelihood of an aggressive response by 
the guard toward an arriving bee (Breed et al. 1995). 


The Response Threshold Model and Division 
of Labor in Insect Colonies 


The response threshold model has been very successfully elaborated to 
model division of labor in social insect colonies (Beshers, Robinson, and 
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Figure 23.1. Hypothetical response threshold model to explain inter-individual 
differences in task specialization in an insect colony. Shown is a hypothetical 
distribution describing the variation in response thresholds to a task-related 
stimulus between individuals in a colony. Individuals with response thresholds 
lower than the current stimulus level (shaded area) will be actively engaged in 
the associated task. Individuals at the margins of the distribution will show 
‘extreme’ behavior. Those with very high response thresholds will rarely or 
never perform the behavior, but bees with very low response thresholds will be 
most likely to perform the task, and may be classed as ‘specialists’. Adapted 
from Page and Robinson (1991). 


From Social Behavior to Molecules 529 


Mittenthal 1999; Bonabeau and Theraulaz 1999; Page and Erber 2002; 
Robinson 1987; Wilson 1984). In a social insect colony, individual workers 
typically specialize on different tasks and thereby increase the efficiency of 
the colony as a whole (Beshers, Robinson, and Mittenthal 1999; Page and 
Mitchell 1998). The response threshold model can be applied to groups to 
suggest an elegant and simple process by which division of labor can occur 
(Figure 23.1). If there is variation in stimulus thresholds between individ- 
uals in a group, then there will be variation in the likelihood of different 
individuals performing tasks associated with those stimuli. Variation in 
response thresholds can create specialists, since the workers with the low- 
est response threshold for a stimulus will be the first to respond and the 
longest to act (Beshers, Robinson, and Mittenthal 1999; Page and Mitchell 
1998; Page and Robinson 1991; Weidenmuller 2004). 

Applying the response threshold model to groups in this way has aided 
molecular analysis of division of labor in honey bees. The model proposes 
that division of labor, a group dynamic, can be understood in terms of indi- 
vidual variation in responsiveness to task-related stimuli (Beshers, Robinson, 
and Mittenthal 1999; Beshers and Fewell 2001; Scheiner and Erber, this vol- 
ume), leading to modules at the individual level that can be more easily re- 
lated to molecular pathways. In honey bees, division of labor unfolds as a 
process of behavioral development, with worker bees changing tasks as they 
age (Winston 1987). Adult workers perform in-hive tasks such as brood care 
(“nursing”) when young, and shift to foraging when they are about 2 to 
3 weeks old (Winston 1987). To identify genes associated with foraging be- 
havior in honey bees, Ben-Shahar et al. (2002) focused their search on honey 
bee homologs of candidate genes (Fitzpatrick et al. 2005) known to be in- 
volved in foraging in other species. The foraging gene (for) in Drosophila 
melanogaster encodes a guanosine 3',5'-monphosphate (cGMP)-dependent 
protein kinase (PKG) (Osborne et al. 1997). Allelic variation in for influ- 
ences variation in larval feeding behavior in Drosophila causing some to 
roam widely while foraging (rovers) and others to explore just the immediate 
area (sitters) (Sokolowski, Pereira, and Hughes 1997). There is an appealing 
analogy between rover and sitter Drosophila larvae and the exploratory be- 
havior of honey bee foragers versus the stay-at-home behavior of nurses. 
Forager honey bees, like rover flies, have higher expression of the ortholo- 
gous Amfor in the brain relative to nurses (Ben-Shahar et al. 2002), suggest- 
ing there may be greater PKG activity in the the brains of foragers versus 
nurses. Feeding bees cGMP pharmacologically increases brain PKG activity, 
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and applying this treatment to young bees resulted in a precocious onset of 
foraging (Ben-Shahar et al. 2002). 

These two lines of evidence suggest the foraging gene (for) is involved 
in the expression of foraging behavior in honey bees, but a more difficult 
question remains: How does elevated PKG activity in the bee brain 
cause the onset of foraging behavior? Reasoning from the response 
threshold model, Ben-Shahar et al. (2003) proposed that PKG modulated 
individual response thresholds to one or more foraging-related stimulus 
thereby creating variation within the colony in individual responses to 
foraging-related stimuli. Foraging is stimulated by an array of olfactory, 
mechanical, and visual stimuli (Page and Erber 2002; Page and Mitchell 
1998; Winston 1987), but in honey bees for is strongly expressed in the vi- 
sual system, particularly the optic lobe lamina and regions of the mush- 
room bodies known to receive visual input (Ben-Shahar et al. 2003; Ehmer 
and Gronenberg 2002; Gronenberg and Riveros 2002, this volume). There- 
fore, Ben-Shahar et al. (2003) examined the effects of PKG on individual 
responsiveness to light. Honey bees experience a major change in exposure 
to light when they shift from working in the dark hive to foraging outside. 
Foragers are positively phototactic, much more so than nurses (Ben-Shahar 
et al. 2003; Menzel and Greggers 1985). In a laboratory bioassay, cGMP 
treatment increased the phototactic response of young bees (Ben-Shahar 
et al. 2003). Positively phototactic bees were attracted to the nest entrance, 
or even to leave the hive. Once in the vicinity of the nest entrance, bees 
were more likely to encounter other stimuli known to stimulate foraging, 
such as dances and incoming nectar (Seeley 1995), hence increased photo- 
taxis could be part of the mechanism driving the onset of foraging. 

Electroretinogram analysis indicated that the cGMP-induced increase 
in positive phototaxis was not based on effects of sensitivity to light per se. 
Perhaps PKG is involved in modifying the function of neuronal circuits in 
the lamina and/or mushroom bodies via phosphorylation of some compo- 
nent molecules, which is similar to the affect of PKG on olfaction in mam- 
mals (Kroner et al. 1996). Amfor expression also has been shown to be high 
in the brains of undertaker bees, but not similarly aged bees engaged in 
tasks performed solely in the hive (Ben-Shahar et al. 2003). Undertakers 
are behaviorally specialized in removing corpses from the colony. They 
leave the hive for short flights but do not forage. This suggests that the up- 
regulation of Amfor may be more generally related with working outside 
the hive than with foraging specifically. In this example, the candidate gene 
approach identified Amfor as a gene associated with honey bee foraging, 
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but the inspiration for experiments exploring how Amfor influenced forag- 
ing and division of labor came from the modular dissection of division of 


labor suggested by the response threshold model. 


State-Space Models of Behavior 


Models of behavior must sometimes take into account a variety of possible 
responses that an animal may make to a given stimulus, or that the form of 
behavior expressed can depend on interactions between multiple stimuli. 
State-space models are a multivariate elaboration of the philosophy of the 
response threshold model to simultaneously consider multiple stimuli 
and/or behavioral alternatives (McFarland and Houston 1981; McFarland 
and Sibly 1975). 

State-space models postulate that the total behavioral repertoire is con- 
trolled by a set of causal factors (McFarland and Sibly 1975). External fac- 
tors, such as the perception of food stimuli, and internal “motivational” 
factors, such as the size of fat stores, circadian rhythms, or reproductive 
condition, are all considered causal factors and treated similarly in the 
model. The state of these causal factors can be represented as a Euclidean 
space, the axes of which represent the causal factors. This causal factor 
space is multidimensional, with the number of dimensions depending on 
the number of causal factors relevant to the animal’s behavior. 

McFarland and Sibly (1975) assumed that an animal’s behavioral reper- 
toire can be classified into mutually exclusive categories (activities) such 
that actions belonging to one activity are incompatible with actions be- 
longing in another. For instance, all the actions associated with fighting can 
be considered one activity and all the actions associated with mating an- 
other, since an animal cannot fight and mate at the same time. The modeling 
process, summarized by McFarland and Houston (1981), maps behavioral 
tendencies onto the causal factor space such that every point in the causal 
factor space is associated with a tendency of performing a specific action. 
A consequence of this model is that there can be more than one point in 
causal factor space with the same behavioral tendency. For example, as- 
suming for simplicity that feeding depends solely on the two causal factors 
food availability and hunger, the same feeding tendency might be ob- 
served in a situation where there is high food availability and low hunger as 
when there is low food availability and high hunger. Points in causal factor 
space sharing the same behavioral tendencies are linked by motivational 
isoclines (Figure 23.2). 
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Figure 23.2. The state-space model: hypothethical causal factor space for 
feeding. This model assumes that feeding tendency is influenced by hunger and 
food cues only. The feeding tendency is the same at points x,...... x, and the 
solid line joining these points is a motivational isocline. Point A represents the 
causal factor state of an animal before feeding, and point B after feeding 
(assuming that feeding reduces both hunger and local food availability). The 
dashed arrow indicates the trajectory in causal factor space that results from 
feeding. Adapted from McFarland and Houston (1981). 


The causal factor state is a point in causal factor space that describes the 
animal’s current state. The causal factor state is constantly changing due to 
shifts in environmental conditions, internal factors, and the outcomes of 
the animal’s own behavior, and this change can be represented as a trajec- 
tory in causal factor space. As the trajectory crosses motivational isoclines 
there will be a shift in the relative balance of behavioral tendencies. If the 
causal factor state moves to an area of causal factor space where a different 
behavioral tendency is dominant, a change in behavior will be observed 
(Figure 23.2). The state-space approach, therefore, makes it possible to 
predict when a change in conditions will result in a change in behavior. 

State-space models consider how both internal and external factors in- 
fluence behavior, and how the various factors interact in an attempt to de- 
scribe a program for control of behavior dependent on all causal factors. 
Such a model aids mechanistic analyses because once a molecular pathway 
has been found to be associated with behavior, the results of experiments 
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manipulating the molecular pathway can be added to the model as a new 
causal factor. The result is that information on the basic effects of an ex- 
perimental treatment become integrated into a program for behavioral 
control, which can reveal much more detail of how molecules contribute 
to complex behavior, as illustrated by the following example. 


State-Space Models and the Basis of Decapod Aggression 


Aggression tends to dominate intraspecific encounters between decapod 
crustaceans. With the exception of mating and courtship, most intraspe- 
cific encounters in lobsters and crayfish result in escalating fights until one 
individual withdraws. The biogenic amine neuromodulators octopamine 
and serotonin were found to be involved in agonistic behavior based on 
observations that injection of serotonin and octopamine into freely moving 
lobsters (Homarus americanus) generated postures resembling those seen 
in dominant (serotonin) and subordinate (octopamine) animals when they 
encounter one another (Huber et al. 1997). Later studies demonstrated 
that infusion of serotonin in crayfish (Astacus astacus) caused treated indi- 
viduals to engage larger opponents in prolonged bouts of fighting, even in 
instances that carried substantial risk of injury (Kravitz and Huber 2003). 
These analyses identified a neurochemical pathway involved in decapod 
aggression, but did not explain how changing serotonergic signaling im- 
pacted on decapod behavior to make the animals more aggressive. 

Serotonin did not simply make decapods indiscriminately more aggres- 
sive (Huber et al. 1997). Fights between decapods are complex affairs due 
to the many alternative behavioral strategies employed by each combatant 
(Huber and Delago 1998; Huber et al. 1997). The expression of different 
fighting strategies varies with internal causal factors such as hunger states 
and previous agonistic success, and external causal factors such as proxim- 
ity to a shelter or food resource (Kravitz and Huber 2003). The progress of 
the fight and its eventual outcome are determined both by an animal's 
prior actions in the fight and its responses to the opponent (Kravitz and 
Huber 2003). Winners are much more likely to dominate future encoun- 
ters, whereas losers are much more likely to retreat. Consequently, fights 
are influenced by a web of interdependent causal factors with any action 
affecting subsequent actions. 

Huber and Delago (1998) used detailed ethological dissection and a 
multivariate Principal Components Analysis to determine the effects of 
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serotonin on the progression of fights. This analysis embraced a state- 
space approach by considering how the many causal factors that influence 
a fight sequence were interrelated. Their results showed that the dominant 
effect of serotonin was to change the decision to retreat, decreasing the 
likelihood that subordinates would withdraw from the attacks of oppo- 
nents (Huber and Delago 1998; Huber et al. 1997). In the terms of the 
state-space model, experimentally elevating serotonin moved lobsters to 
an area of causal factor space where the tendency to retreat was very low. 

Molecular components of the serotonin pathway that appear to be in- 
volved in modulating the decision to retreat include two serotonin recep- 
tor subtypes, 5HT1 and 5HT2 (Yeh, Fricke, and Edwards 1996; Yeh, 
Musolf, and Edwards 1997). 5HT1 and 5HT2 receptors affect the ex- 
citability of peripheral lateral giant (LG) neurons, which are known to 
influence the expression of behaviors related to both dominance and re- 
treat. Dominant individuals exhibit more excitable LG neurons, appar- 
ently due to an increase in 5HT2-mediated signaling, and they are less 
likely to retreat during an encounter. Subordinate individuals show an in- 
hibited LG neuron response and an increase in 5HT1-mediated signaling, 
and they are more likely to retreat. Expression of the 5HT1 and 5HT2 re- 
ceptors is affected by prior success in fights, but it is not yet known 
whether these socially mediated changes are due to transcriptional or post- 
transcriptional mechanisms. 

Together, the findings from the molecular and behavioral analyses sug- 
gest that the decision to retreat may depend on the balance between 5HT1 
and 5HT2 signaling on the excitability of the LG neurons, which itself is 
socially regulated. Prior success in fights influences the expression of 
SHT1 and 5HT2, so this molecular mechanism can provide an explanation 
as to why previous winners are less likely to retreat in later encounters. 
The next step in unraveling serotonin’s role in aggression is to determine 
what stimuli release serotonin to activate the 5HT1 and 5HT2 receptors. 
Behavioral analyses suggest that serotonin is released by threatening stim- 
uli (Huber and Delago 1998; Huber et al. 1997), but the nature of these 
stimuli have yet to be explored. In this example, the state-space approach 
enabled a dissection of decapod fight behavior, which led to hypotheses for 
serotonin’s role in fighting behavior, and focused later molecular analyses 
on pathways that mediated assessment of threat and retreat. 


From Social Behavior to Molecules 535 


Extrapolating Behavioral Modules from Solitary 
to Social Behavior 


New forms of social behavior do not arise de novo. It is increasingly clear 
that many aspects of social behavior have evolved by adopting and adapt- 
ing preexisting modules from aspects of solitary behavior (Amdam et al. 
2006; Robinson 2007; West-Eberhard 1996). A consequence is that under- 
lying molecular mechanisms have also been adopted and adapted for new 
roles in social behavior (Robinson and Ben-Shahar 2002). Sometimes mo- 
lecular pathways associated with a form of social behavior are suggestive of 
an association with a behavioral module known in a solitary context, and 
this in turn generates new hypotheses for how the molecular pathway 
might be acting to shape social behavior. This was the case in molecular 
analyses of pair bond formation in voles. 


Reinforcement and Pair Bonding in Voles 


Social attachment is essential for the formation of many stable social 
groups, and recent studies with voles have established a novel approach to 
explore the molecular basis of social cohesion. Two related species of vole 
display strongly contrasting social organizations. Prairie voles (Microtus 
ochrogaster) are usually monogamous, but the montane vole (Microtus 
montanus) is nonmonogamous (Insel, Preston, and Winslow 1995). Most 
of the differences in pair bonding between these two closely related species 
appear to be caused by differences in the expression of two genes that en- 
code receptors for the neuropeptides oxytocin and arginine (vasopressin): 
OTR and V1aR. Oxytocin and vasopressin are involved in social recognition 
and bonding between mates or parents and offspring in many mammalian 
species: oxytocin influences female behavior and vasopressin influences 
male behavior (Insel 1992; Insel, Preston, and Winslow 1995). The monog- 
amous prairie vole expressed the oxytocin and vaspressin receptor genes 
OTR and VlaR in female and male brains at strikingly high densities in re- 
gions of the brain normally associated with reward processing; a pattern 
not seen in the nonmonogamous vole species (Young et al. 2001; Young 
and Wang 2004). Further, viral-driven over expression of VlaR in the re- 
ward processing brain regions of the nonmonogamous male meadow vole 
enhanced pair bonding in this species (Lim et al. 2004). 

The differences in the expression of the OTR and V1aR genes in females 
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and males are somehow involved in the differences in social affiliation be- 
tween the monogamous and nonmonogamous vole species. These differ- 
ences are most pronounced in brain regions better known for their 
involvement in reinforcement of reward learning (Schultz 2001; Schultz, 
Apicella, and Ljungberg 1993); an anatomical insight suggesting reinforce- 
ment could be a behavioral module relevant to pair bond formation. 

Reinforcement has been well studied, both theoretically and physiologi- 
cally, as a module of learning. Reinforcement-learning theory models how 
animals learn to achieve a desired state and avoid undesirable ones as effi- 
ciently as possible. This outcome is achieved under the guidance of rein- 
forcement signals, which serve to “criticize” actions with respect to how 
well they serve obtaining the desired state (Doya 2002; Montague, Hyman, 
and Cohen 2004). There is now strong evidence that dopamine modulates 
a reinforcement signal in the mammalian brain (Schultz, Apicella, and 
Ljungberg 1993; Hollerman and Schultz 1998; Schultz 2001, 2002). 
Robinson (1987) argued that dopamine release from neurons in the mid 
and fore brain mediates the attachment of reward value to an action or an 
object to reinforce future behavioral choices. 

Insel and Young (2001) hypothesized that reinforcement could be a be- 
havioral module “reused” in pair bond formation. They proposed that for 
monogamous species, features of the partner could be strongly associated 
with an innately rewarding stimulus such as mating, so that partners be- 
come motivated to remain together, whereas for the nonmonogamous 
species, the identity of the partner is less reinforcing. 

Molecular studies support this interpretation of pair bonding. Both oxy- 
tocin and vasopressin are involved in the neural processing of sensory cues 
involved in social learning, especially learning the olfactory signatures of 
conspecifics (Ferguson et al. 2000). Mating causes a release of vasopressin 
or oxytocin into the prefrontal cortex, nucleus accumbens, and ventral pal- 
lidum (Young and Wang 2004). Mating in both males and females also 
causes dopamine release into the same brain regions (Young and Wang 
2004). Concurrent activation of oxytocin/vasopressin and the dopamine 
pathway is necessary for pair bond formation (Figure 23.3). In nonmonog- 
amous species the lower density of OTR and VlaR in these brain regions 
would suggest that the dopamine system and ocytocin/vasopressin systems 
are only weakly coupled, so the smell of a partner might not be intimately 
associated with a rewarding mating experience (Young and Wang 2004). In 
this example molecular analyses first suggested a link between pair bond- 
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Figure 23.3. Neurobiological model for pair bonding in male monogamous 
prairie voles based on reward theory. The act of mating stimulates the ventral 
tegmental area, which releases dopamine into the nucleus accumbens and 
prefrontal cortex. Olfactory cues from the female are processed by the 
olfactory bulb and the medial amygdala, which are critical for social 
recognition. The medial amygdala releases arginine vasopressin to the ventral 
pallidum. Concurrent activation of Dopamine D2 receptors in the nucleus 
accumbens and vasopressin VlaR receptors in the ventral pallidum of males 
results in a conditioned pair bond. 


ing and reinforcement. Having made that bridge, knowledge of the neural 
and molecular mechanisms of the reinforcement module generated new, 
testable hypotheses for exploring how the genes OTR and VlaR cause pair 
bonding. 


Reinforcement as a Module in Insect Social Behavior 


Reinforcement is a concept that has been developed and explored almost 
exclusively in mammalian model systems, but the module can be also ap- 
plied to insect behavior. It is clear that many insects, especially honey bees, 
rapidly learn features of rewarding situations (Giurfa 2003; Menzel and 
Giurfa 2001); however, whereas dopamine modulates reinforcement in 
mammals, evidence suggests octopamine modulates the reinforcement 
signal in insects. In bees, local injection of octopamine into the antennal 
lobes or mushroom body calyces can substitute for reward in an associative 
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learning paradigm (Hammer and Menzel 1998). Similar findings have been 
reported for Drosophila; octopamine pathways in their mushroom bodies 
modulated learning with positive reinforcement and, intriguingly, dopamine 
pathways mediated learning with negative reinforcement (Schwaerzel 
et al. 2003). Octopamine stimulates feeding and food seeking in blow flies 
(Long and Murdock 1983), and social foraging in honey bees (Barron et al. 
2002; Schulz, Barron, and Robinson 2002). 

Considering how reinforcement may act as a behavioral module can 
help to dissect some of the most complex aspects of social behavior. Re- 
cent investigations into the neural systems underlying the honey bee 
dance language provide an example. Honey bees use symbolic dances to 
communicate the location and value of resources to their colony (Frisch 
1967). The dance language is one of the few well-characterized examples 
of symbolic communication in animals (Frisch 1967), but after nearly 50 
years of intensive study relatively little is known about the neural mecha- 
nisms underlying the dance. This is primarily a consequence of the com- 
plex and integrative nature of dance behavior, which makes it difficult to 
know where and how to begin mechanistic analyses. 

Treatment with octopamine makes forager bees more likely to dance on 
return to the colony (Barron et al. 2007), but why does octopamine make 
bees dance? The function of the dance is to recruit additional foragers to 
valuable resources; consequently, returning foragers will only dance for 
valuable or underexploited resources needed by the colony (Seeley 1995). 
Elements of the dance (vigor and duration) represent the value of the 
resource to inform recruitment (Seeley 1995). Given octopamine’s role in 
reinforcement of reward learning, it was hypothesized that the role of oc- 
topamine in dance behavior could be as a modulator of the reinforcement 
signal involved in the computation of resource value. Dances are complex 
multicomponent signals communicating both the location and value of re- 
sources through different aspects of the dance movement. Therefore, to 
test this hypothesis, Barron et al. (2007) dissected the dance structure to 
examine the effect of octopamine treatment on the representation of loca- 
tion and quality. Octopamine treatments caused dose-dependent changes 
in dance aspects related to resource value, but did not change the repre- 
sentation of location. This study supports the idea that octopamine’s function 
in the context of dance is as part of the reinforcement module calculating 
resource value, and is yet another example of how a modular approach can 
help dissect complex social behavior. 
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Conclusion and Future Directions 


In this chapter we have discussed cases that illustrate how dissecting com- 
plex behavior to simpler behavioral modules can help work out how genes 
and molecular pathways contribute to social behavior. Various strategies 
exist for identifying behavioral modules and no approach is necessarily 
better than another; rather, different strategies are useful in different con- 
texts. Models can both dissect complex traits into simpler modules and 
suggest hypotheses for testing how identified molecular pathways might 
influence behavior. This was illustrated by the application of the response 
threshold model to division of labor in bees to explore the role of the for- 
aging gene in honey bee division of labor. Modules can also be borrowed 
from aspects of solitary behavior and used to generate hypotheses for the 
organization of social behavior. This was illustrated by the case of pair 
bonding in voles where initial molecular analyses implied a link between 
pair bond formation and reinforcement systems. 

We have entered an exciting phase in insect sociology. Thanks to a 
strong tradition of behavioral and phylogenetic analysis the social insects 
have been recognized as behavioral innovators and models for the evolu- 
tion of new social systems. Social insect societies have been famously de- 
scribed as a major evolutionary transition to a new level of biological 
complexity (Maynard-Smith and Szathmary 1985), and by combining evo- 
lutionary, molecular, and genomic analyses of behavior we can now iden- 
tify social innovations and examine how they evolved. When examining 
how molecular pathways influence social behavior, taking a modular ap- 
proach to complex behavior is likely to be most effective. 
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Social Insects as Models in Epidemiology: 
Establishing the Foundation for an 
Interdisciplinary Approach to 


Disease and Sociality 


NINA H. FEFFERMAN 
JAMES F. A. TRANIELLO 


SOCIAL INSECTS have an abundance and diversity that, with the excep- 
tion of beetles, is unrivaled among animal taxa. Two groups, the ants and 
termites, are ecologically dominant in tropical rainforests (Hölldobler and 
Wilson 1990; More than 12,000 species of ants and 2,650 species of ter- 
mites have been identified so far (Bolton et al. 2006), and their local diver- 
sity and abundance can be extraordinary. The amazing diversity of ants is 
exemplified by Floren and Linsenmair’s (2000) discovery of 239 species on 
just 19 individual trees in Borneo, with as many as 61 species found on a 
single tree. In the Southern Cameroon, densities of 10,000 termites per 
square meter have been recorded (Eggleton et al. 1996). The soil and 
ground litter of tropical forests is the environment of adaptation and diver- 
sification of these two groups (Hdélldobler and Wilson 1990; Eggleton 
2000; Moreau et al. 2006). These environments are also inhabited by what 
is potentially an equally or even more diverse community of microbes that 
can be abundant and pathogenic. 

Together with the diversification of the angiosperms and the litter of trop- 
ical angiosperm forests (Moreau et al. 2006), adapting to the disease risks in- 
herent in soil, litter, and decaying wood environments exploited so well by 
ants and termites very likely constituted a major event in the diversification 
of ants and termites. Indeed, Bulmer and Crozier (2004, 2005) described 
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selection on immune genes associated with the transition from grass feeding 
to decayed wood feeding in Australian termites. Bees and wasps are also di- 
verse and ecologically significant social insect clades whose colonies are im- 
pacted by arthropod, fungal, bacterial and viral parasites (cf. Bailey and Ball 
1991; Rose, Harris, and Glare 1999). What role did sociality play in the evo- 
lution of disease resistance? Did the high density of individuals in social in- 
sect colonies render them more susceptible to infection through enhanced 
pathogen transmission? Or did group living offer new, cooperative mecha- 
nisms to lower disease risk? How can we begin to approach these and other 
questions of historical significance in social insect evolution? 

We believe that concepts from human epidemiology have heuristic value 
for insect sociobiology and ecological immunology. Concepts derived from 
epidemiological theory can be tailored to questions that might at first appear 
to be outside the domain of studies of human disease dynamics. Extending 
the application of these theories beyond human disease to a novel system 
that might appear to hold little in common, presents a significant opportu- 
nity to deepen the understanding of the underlying principles of infectious 
disease spread. Human infectious disease epidemiology is based on a set of 
standard, disease-related statistical measures (cf. Nelson, Williams, and Gra- 
ham 2001). Implicit in these measures is the underlying factor of exposure to 
disease. Human epidemiologists have generally assumed that the probability 
of exposure in a population is uniform for particular sets of susceptible indi- 
viduals at a given time. The probability of exposure is integrated within the 
probability of becoming infected, developing the signs and symptoms of a 
disease, infecting others, and then either recovering or dying. 

Exposure to disease is also a significant factor in evolutionary pathobiol- 
ogy. In group-living animals, especially those with complex social organiza- 
tion, probabilities governing the exposure of individuals to disease within a 
society can show strong variance (Andersson 1997). Behavior plays a criti- 
cally important role in infection control: the removal, quarantine, or exile 
of infected individuals can greatly reduce the exposure of a society's popu- 
lation once disease is present (Clancy 1996). Additionally, behaviors such as 
decreasing activity after infection, avoiding infected individuals, nursing in- 
fected group members, soliciting care, and other social processes of infec- 
tion control greatly impact the probability of exposure to infectious disease. 
All facets of social behavior directly impact the exposure and transmission 
risks of infectious diseases within a population, and therefore greatly influ- 
ence the selective pressures on individuals that live in societies. 
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Just as exposure is implicit in principle epidemiological concepts, so is the 
concept of resistance to disease. Resistance can be defined narrowly as pro- 
tection arising solely from immunity in the molecular and cellular sense, but 
when integrating the perspectives of epidemiology, immunology, evolution- 
ary ecology, and insect sociobiology a more encompassing concept would 
offer greater applicability, allowing us to consider an array of defense mech- 
anisms extending beyond purely physiological adaptations to social charac- 
teristics that protect against disease. Owens and Wilson (1999) proposed that 
immunocompetence be defined as “a measure of the ability of an organism 
to minimize the fitness cost of an infection via any means [emphasis added], 
after controlling for previous exposure to appropriate antigens.” Thus, social 
mechanisms of disease resistance such as herd immunity—the insulation of 
susceptible individuals from exposure by surrounding them with immune in- 
dividuals that are incapable of transmitting infection—would be included in 
this definition. Immunocompetence, in this holistic sense, can also circum- 
scribe colony-level mechanisms of infection control (Hart, Bot, and Brown 
2002) and the social enhancement of resistance to infection (Traniello, 
Rosengaus, and Savoic 2002). An expanded view of immunocompetence 
would also involve prophylaxis and prevention from initial infection, as well 
as survival subsequent to the contraction of a disease. In this way, social 
groups can be said to resist disease, and resistance can be measured in terms 
of their persistence despite pathogen presence and the challenges of infec- 
tion. Social behavior can affect exposure risk and, thus, positively impact sur- 
vival, playing a crucial role in immunocompetence overall. 

The study of the significance of behavior to exposure and immunocom- 
petence can be unified from the perspectives of epidemiology (following 
paths of disease spread) and evolution (describing the survival and fitness 
consequences of transmission) to create a deeper understanding of disease 
dynamics in social groups (cf. Bonds et al. 2005). Manipulations can be dif- 
ficult in non-human populations and in field studies of non-human social 
species. Theoretical modeling, however, can supplement empirical re- 
search to investigate the impact of behavior and social organization on ex- 
posure and the induction and maintenance of immunocompetence. 
Progress in achieving a more complete view of how individual-, group-, 
and population-level disease dynamics lead to local pathogen spread, af- 
fect survival and fitness, and ultimately select for resistance mechanisms 
could be accelerated by identifying and developing model systems for an 
integrative approach. A system lending itself to empirical and theoretical 
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research would allow hypothesis testing to occur in a manner that would 
ensure a realistic representation of the effect of each studied mechanism 
of immunocompetence on disease dynamics at the level of the society. In 
this chapter, we argue that social insects are an ideal model system for an 
integrated sociobiological and epidemiological approach. 


An Accelerated Arms Race: Social Insects and the Selective 
Pressures of Infectious Pathogens 


Disease can seriously impact survival and reproductive success and, as a re- 
sult, pathogens are potent agents of selection. Pathbreaking studies of the 
coevolution and epidemiology of animal and plant parasites demonstrate 
that parasites have exerted significant effects on the evolution of their hosts 
(Anderson and May, 1982; Ewald 1991, 1994; Andersson 1994; Briggs and 
Godfray 1995; Rothman and Myers 1996). This is especially true of infec- 
tious diseases in group-living species in which interactions among individu- 
als within a dense social structure can lead to increased exposure and 
transmission relative to solitary animals (Grenfell and Dobson 1995). Re- 
cent research has focused on host defenses and life-history traits and the 
potential fitness costs associated with infection resistance (Schmid-Hempel 
1998; Moret and Schmid-Hempel 2000; Hasselquist, Wasson and Winkler 
2001; Norris and Evans 2000; Calleri, 2006) using solitary, gregarious, and 
eusocial insects as models in ecological immunology (Cotter et al. 2004; Pie 
et al. 2005; Schmid-Hempel 2005). 

The focus on immunological and ecological factors in the cyclic nature 
of epidemics to examine disease dynamics can be adapted to sociobiologi- 
cal research problems by considering the scale of operation of these fac- 
tors. From this perspective, immunological factors are attributes of the 
host/parasite association that manifest in individuals, matri/patrilines, 
demographic subgroups, colonies, and populations of colonies, potentially 
leading to patterns of recurrent epidemics. All inducible colony defenses 
play important roles in the prevention of establishment and transmission 
of disease and the induction of resistance. Ecological factors, such as for- 
aging, or competitive or predatory actions that ultimately could lead to the 
introduction of infected individuals from neighboring colonies of the same 
or different social insect species, are paramount to understanding expo- 
sure, although very little is known about them. 

In the same way that disease resistance and its underlying mechanisms 
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(such as physiological immunity) can be thought of as having been shaped 
over evolutionary time by a diverse array of disease challenges, social behav- 
ior and colony structure have also formed under a set of selective pressures 
from pathogens. Considering insect immune defenses as “evolved traits” 
(Schmid-Hempel 2005), and focusing on the interface of insect immunology 
and sociobiology, we can identify the selective forces that have favored the 
variety of resistance mechanisms that characterize different species (Schmid- 
Hempel and Ebert 2003; Pie et al. 2005; Fefferman et al. 2007). By consid- 
ering the impact of disease on the evolution of social structure and behavior, 
colony-level mechanisms of immunocompetence can be considered as adap- 
tive responses to the selective pressure of infectious disease. 

We predict that the individual and social disease-resistance mechanisms 
that comprise colony-level immunocompetence will reflect variation in 
microbial loads associated with nesting and feeding ecology (Cruse 1998; 
Rosengaus et al. 2003; Bulmer and Crozier 2004, 2005). In eusocial insects, 
disease transmission risks that are inherent in their nesting ecologies are 
likely to be high due to the level of relatedness of workers, leading to in- 
creased susceptibility to infectious agents due to the lower genetic het- 
erozygosity of nestmates (e.g., Shykoff and Schmid-Hempel 1991). At the 
same time, the contributions of the individual through selection for adap- 
tive patterns of division of labor, especially when considered in terms of 
group size and structure, are critical to the survival and reproductive suc- 
cess of the colony. This leads to a trade-off in selection for genetic variation 
to enhance colony immunocompetence or colony efficiency. The relation- 
ships among these variables, however, are far from clear (e.g., Rosset, 
Keller, and Chapuisat 2005). 


Social Insect Ecology, Behavior, and Disease Resistance 


The nesting habits of social insects highly recommend them for epidemio- 
logical study: they form multigenerational families in environments that are 
particularly challenging in terms of acute and chronic exposure to 
pathogens and parasites. Ants and termites—two diverse and abundant 
groups—nest and feed in soil and decayed-wood environments in which a 
diverse and abundant microbial community flourishes (Rosengaus et al. 
2003). Social insects often live in densely populated colonies and mortality 
risks may be compounded through inter-individual transmission of infection 
(Rosengaus et al. 1998; Schmid-Hempel 1998 and references therein). 
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Adapting to disease has long been considered to have been a major 
event in the evolution of sociality and diversification of social insects (e.g., 
Wilson 1971), but only recently has the evolutionary significance of social 
insect pathobiology been the focus of empirical and theoretical investiga- 
tion. If mechanisms of disease resistance compromise the energetics of 
colony operations, we expect they will be selected against, and that mech- 
anisms that afford protective benefits at low cost will be highly unlikely 
due to the evolutionary responses of the pathogens in question (Figure 24.1). 
A benefit/cost analysis involving humans is instructive here: to control in- 
fectious disease, simple hygiene such as hand washing, a low-cost behavior, 
can provide significant protective benefits against infection (Daniels and 
Rees 1999). Analogously, through self-grooming, ants can physically re- 
move microbes and spread the antibiotic secretions of the metapleural 
gland, but they have been shown to be metabolically costly to produce 
(Poulsen et al. 2002). Humans have antibiotic dermal peptides (e.g., 
Harder et al. 1997); their production costs are unknown. Inducible physio- 
logical responses such as fever help combat infection, but can also have 
moderately high costs (e.g., energy loss or febrile seizures; Nesse and 
Williams 1994). Evolution has also favored the maintenance of a trait with 
enormous protective benefits against malaria in heterozygotes, but at the 
high cost of sickle-cell anemia (a disease with a high associated mortality of 
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Figure 24.1. Individual and societal costs and benefits of defensive mechanisms. 
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its own, Platt et al. 1994) in homozygotic individuals. Allogrooming can 
both decrease the likelihood of illness after exposure for the individual 
contacted, but can also spread infection to otherwise unexposed individu- 
als (Rosengaus and Traniello 1997). Due to heightened levels of interac- 
tion in the course of colony function, hygienic behavior can provide 
significant protective benefits at what would appear to be a relatively low 
cost. This example provides rich opportunities to study exceptions to theo- 
retical expectations. 

In group-living animals, mating system, group size, population density, 
and parasite transmission are significant to infection risk and control 
(Freeland 1976, 1979; Hamilton 1987; Reeson et al. 1998; Nunn, Gittle- 
man, and Antonovics 2000; Read and Allen 2000; Cotter et al. 2004). So- 
cial insects face similar challenges (e.g., Hamilton, Axelrod, and Tanese 
1990; Keller 1995; O’Donnell 1997; Thorne and Traniello 2003; O’Donnell 
and Beshers 2004). There is ample support for the hypothesis that the 
presence of pathogens has selected for a variety of disease-protection 
mechanisms in phylogenetically different groups of social insects. In the 
haplodiploid social Hymenoptera, there is evidence that behavior, physiol- 
ogy, and biochemistry (as well as colony size and organization, colony and 
population genetics, and mating system) have been influenced by pathogens 
(Hélldobler and Wilson 1990; Baer and Schmid-Hempel 1999; Rosengaus 
et al. 1998; Schmid-Hempel 1998, 2005; Schmid-Hempel and Crozier 
1999; Starks, Blackie, and Seeley 2000; Tarpy and Seeley 2006). The biol- 
ogy of the diploid termites (Order Isoptera) reflects individual physiologi- 
cal, life history, and social adaptations, again indicating a prominent role 
for pathogens (Rosengaus et al. 1998; Rosengaus, Traniello, et al. 1999; 
Rosengaus, Jordan, et al. 1999; Rosengaus and Traniello 2001; Thorne and 
Traniello 2003; Traniello et al. 2002; Calleri et al. 2005; Calleri, Rosengaus, 
and Traniello 2006). 

The risks of disease and its subsequent impact on colony fitness are af- 
fected by social behavior. Crowding can lead to increased transmission, but 
if behavior can improve the recovery of infected nestmates or if individual 
defenses can be summed over a colony's population to lower susceptibility, 
then overall mortality can be decreased even if transmission rates are in- 
creased. Moreover, the removal, quarantine, or isolation of diseased indi- 
viduals may counteract the increased exposure risk incurred by group 
living. Other forms of social interaction, such as allogrooming, which can 
prove more efficacious than self-grooming (Rosengaus et al. 1998), can be 
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highly effective in the prevention of disease. Allogrooming is an inducible 
defense that can be increased through signaling in the dampwood termites 
Zootermopsis angusticollis. Nymphs communicate information about expo- 
sure risk (Rosengaus, Jordan, et al. 1999); when individuals encounter 
lethal concentrations of fungal conidia, they remain in place and vibrate, 
transmitting substrate-borne signals that cause nearby nestmates to abscond 
and then increase allogrooming. The signal activates behaviors that are 
equivalent to the induction of the molecular cascades that govern individual 
immune response. These signals serve as public service announcements— 
sending cues to nestmates to up-regulate hygienic behavior and preemp- 
tively defend against disease as well as avoid infection. 


Social Insect Ilmmunocompetence 


Insects, in general, have nonspecific and short-lived cellular immune re- 
sponses such as encapsulation, nodule formation, and phagocytosis, which 
characterize innate immunity (Hoffmann et al. 1999; Russell and Dunn 
1996). For example, some dictyopteran ancestors of termites defend against 
disease through acquired immunity (Faulhauber and Karp 1992). Humoral 
immune responses are characterized by specificity and memory (e.g., Hult- 
mark 1994; Hoffman et al. 1999). Specificity in insect immunity has been 
reported: cercopins, diptericin, drosocin, mucin, and attacin have antibac- 
terial activity, drosomycin appears to be fungicidal (Lemaitre et al. 1996; 
Lemaitre, Reichhart, and Hoffman 1997). Although Hamilton (1987) once 
noted that in insect societies “nothing like the immune system. .. is 
known to exist,” recent research has found social insects to have adaptive 
immunity and produce antimicrobial peptides (Rosengaus, Traniello, et al. 
1999, 2007; Lamberty et al. 2001; Bulmer and Crozier 2004; Evans 2004). 
Social insect disease defenses are likely to have evolved in part from traits 
present in ancestral solitary and/or presocial species. Because social in- 
sects live in groups in ecological circumstances characterized by variation 
in disease risk (Rosengaus et al. 2003), we expect that adaptive immune 
system variation will match the qualitative and quantitative nature of 
pathogen load. That said, acquired immunity is poorly understood in ants, 
bees, wasps, termites, and other gregarious, presocial, colonial, and euso- 
cial insects. 

Immune defenses can be considered on both a colony-level and individ- 
ual scale (Rosengaus et al. 1999b; Traniello, Rosengaus, and Savoie 2002). 
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Individual immunity can confer protection against pathogen infection, 
either by innate or adaptive defense, and the transfer of immunity to 
nestmates can also confer protection to a naïve individual (Traniello, 
Rosengaus, and Savoie 2002). Allogrooming reduces the pathogen load of 
an individual and thus overall exposure risk. Conversely, high levels of im- 
munity in a colony may buffer susceptible individuals from exposure to in- 
fection. Studies of herd immunity suggest that substantial protective 
benefits accrue only after a large percentage of the total population be- 
comes immune (Castillo-Chavez et al. 2002; but see Fletcher 2003). 

In addition to providing protection from disease, immunity has associ- 
ated costs at the individual and colony level. For the individual, mounting 
an immune response entails metabolic/energetic costs which have been es- 
timated in a variety of systems (cf. Nesse and Williams 1994). There can be 
additional costs to the individual: physiological responses can have adverse 
effects. For example, while fever is beneficial, extreme elevation of body 
temperature can be dangerous (Kluger 1979). Additionally, the actual pro- 
tective function of an immune system can itself result in autoimmune dis- 
orders, which exact severe costs to the health and fitness of an individual 
(Nesse and Williams 1994). Defense mechanisms at the colony level have 
costs too. For example, hygienic behavior can result in the culling of par- 
ticularly susceptible individuals once disease is present in the colony 
(Rosengaus and Traniello 2001). While this may prove effective in limiting 
disease spread in the short term (Fefferman et al. 2007), it can negatively 
impact long-term colony growth. 


Social Organization and Infection Control 


Colony organization may enhance disease resistance, and colony 
demography—a chief feature of the social architecture of an insect 
colony—can impact disease susceptibility. When pseudomutant colonies 
of Z. angusticollis were exposed to conidia of the entomopathogenic fun- 
gus Metarhizium anisopliae, groups with a mixed-instar demographic dis- 
tribution had significantly higher survivorship than colonies composed 
only of individuals of a single instar. Same-age groups (10 individuals of 
the same instar) had more than double the hazard ratio of death than 
mixed-age groups. Relatively young individuals were the most susceptible 
to infection (Rosengaus and Traniello 2001). These studies indicate that 
age-structure can serve as a mechanism of defense against disease and 
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age- and caste-distribution structures could in part have evolved under the - 
selective pressures of parasitism (Schmid-Hempel and Schmid-Hempel 
1993). Indeed, in social insects with worker task specialization, there can 
be colony-wide up-regulation of hygienic behaviors, which offer greater 
protection to the colony as a whole (e.g., Hart, Bot, and Brown 2002). Mid- 
dens workers are more likely to come into contact with pathogenic fungi, 
which are thus restricted from freely moving to other areas of the nest. 
The life histories of basal termites are characterized by plasticity in the 
reproductive options of individuals and variation in colony social organiza- 
tion that can impact disease resistance (Thorne and Traniello 2003). In 
these species, cycles of outbreeding and inbreeding associated with the re- 
productive plasticity can alter genetic heterozygosity and affect innate im- 
munity as well as social mechanisms of infection control. For example, low 
levels of genetic variation in the offspring of inbred supplementary repro- 
ductives could result in greater susceptibility to infection. In Zootermopsis 
angusticollis, a single generation of inbreeding significantly reduced het- 
erozygosity and allelic diversity (Calleri et al. 2006). This lower genetic 
variation in turn affected the resistance of isolated and grouped individuals 
depending on the mode of transmission of the pathogen used in experi- 
mental exposure. Inbred and outbred, isolated and grouped termites inoc- 
ulated internally with the bacterium Pseudomonas aeruginosa, exposed to 
a low dose of the fungal pathogen Metarhizium anisopliae on the cuticle, 
or challenged with a pseudopathogen (an implanted nylon monofilament) 
did not differ in immunocompetence. This is because internal infection by 
bacteria apparently cannot be controlled by social interactions such as mu- 
tual grooming and low concentrations of conidia do not impact survival. 
Inbred termites housed in groups and exposed to a relatively high concen- 
tration of fungal conidia, however, had significantly greater mortality than 
outbred grouped termites, presumably because of a genetic effect on al- 
logrooming or another group mode of disease control. Inbred termites also 
had significantly higher cuticular microbial loads, likely due to less effec- 
tive grooming by nestmates. Decreased genetic heterozygosity associated 
with inbreeding thus appeared to increase disease susceptibility by influ- 
encing the efficacy of social behavior rather than physiological immunity. 
Finally, living in groups can augment individual immunity in social in- 
sects. The ability of Z. angusticollis nymphs to resist a fungal pathogen is 
enhanced in naive nymphs (i.e., termites having no prior exposure to a chal- 
lenge pathogen) allowed to associate with immunized nestmates (Traniello, 
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Rosengaus and Savoie 2002). Increased immunocompetence at the colony 
level can thus be improved through the social interactions of nestmates that 
vary in their immune status and ability to resist infection. Although social im- 
munization in termites would appear to be most closely related to vaccination 
in humans, social immunization involves the up-regulation of immune re- 
sponse in naïve individuals by an immune nestmate(s). Social immunization 
may, therefore, most accurately be approximated in the realm of human 
epidemiology by the vertical transmission of immunity from mother to in- 
fant through antibodies passed in the colostrum (the nutrient and immune- 
factor rich secretions of human mammary glands within the first few days 
after childbirth and prior to the onset of milk production). In termites this 
transmission is not limited to parent-offspring interaction. This difference 
in the mechanistic basis by which groups can achieve greater collective im- 
munity shows an instance where, by limiting the definition of an epidemio- 
logical concept to human physiological capability, the underlying theory 
itself is narrowed. By incorporating a broader (insect-based) concept of 
individual-to-individual transmission, both vertical and horizontal, of im- 
munity, it may be that human epidemiologists may arrive at more efficient 
algorithms for socially based inoculation strategies (e.g., a “new and im- 


proved chicken pox party”). 


Modeling Disease Resistance in Social Insects 


Attaining a balance between accuracy and simplicity is required for suc- 
cessful modeling in biology (Levin 1992). In identifying useful model 
systems, researchers attempt to identify commonalities between the sys- 
tem being studied and a more accessible system which serves as a model. 
The more attributes the two systems hold in common, the greater the ap- 
plicability and credibility of the model, and the greater its heuristic 
value. The nature and complexities of some pairs of systems—social in- 
sects and humans and how they cope with disease—can initially appear 
highly divergent. We anticipate that some researchers will balk at the 
idea of bridging human epidemiology and insect sociobiology, using 
mathematical modeling as the foundation of the interdisciplinary link- 
age, but we believe such an approach is timely, appropriate, and fruitful. 
Social insects can be viewed as an epidemiological system that is simple 
relative to humans and many group-living vertebrates, and by creating 
mathematical models based on insect sociobiology and human epidemi- 
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ology, it will be possible to contribute new insights into traditional prob- 
lems in both disciplines. 

Models can focus at the level of individual action or emergent system- 
wide properties, so the analysis of social insect behavior and colony epi- 
demiology through computational modeling is a natural extension of more 
traditional empirical experimentation. The wealth of research in human 
epidemiology has identified parameters of disease prevention and trans- 
mission that are fundamental to the analysis of mechanisms of disease con- 
trol in social insects, but many of these factors have been neglected or only 
infrequently examined or explicitly considered in theoretical or empirical 
studies (Table 24.1). 

Even among factors considered in the context of disease, very few have 
been examined in combination to determine plausible synergistic effects 
within the scope of human epidemiology and none have, as yet, been ex- 
amined in social insects. Indeed, as Table 24.1 illustrates, important as- 
pects of the social phenotype of insect colonies that may have been studied 
in other contexts have yet to be examined in relation to infection. For ex- 
ample, polyethism in social insects is well studied; it has long been known 
that workers perform tasks (e.g., foraging, nest maintenance, and brood 
care) in an organized manner to allow the colony to efficiently function. 
The probability of performing a particular task can be determined by the 
individual’s developmental or physiological state, or can be dependent on 
the requirements of the colony and/or social interactions (Robinson 1992; 
Seid and Traniello 2006). The performance of each task may have an asso- 
ciated risk to the individual and cost to the colony (e.g., being eaten by a 
predator while foraging outside the nest). Task performance can also carry 
associated disease-related costs and benefits that are rarely studied. Forag- 
ing might increase exposure to pathogens, for example, and subsequent 
contact with an infected nestmate can reduce individual pathogen loads 
(through allogrooming) and/or spread infection. Processes of task alloca- 
tion can be described with a set of minimum threshold values, probability 
distributions, and net contributions to colony function, accurately com- 
prising a detailed mathematical representation of the organization of 
colony labor. The importance of these factors for withstanding a pathogen 
challenge can then be examined. 

Recently, a few models have been developed using some parameters 
generally considered within an epidemiological framework to examine 
disease spread in social insect colonies, specifically showing how nest 


Social Insects as Models in Epidemiology 557 


Table 24.1. Parameters considered in models of infectious disease prevention 
and transmission as developed in human epidemiology and insect sociobiology. 


Insect 
Effect Epidemiology sociobiology 
Single factor effects 
Antibiotics/prophylaxis Yes* Yes* 
Distribution of antibiotics Yes No 
Heritable variation in resistance Yes No 
Vaccination Yes* No 
Quarantine Yes Yes* 
Hygiene Yes Yes? 
Exposure Yes Yes* 
Transmission Yes* No 
Infectivity Yes* Yes* 
Attack rate Yes* No 
Pathogenicity Yes* No 
Virulence Yes* No 
Immunity Yes* Yes* 
Immunogenicity Yes* No 
Herd effect and social immunity Yes Yes* 
Population density Yes* Yes* 
Age structured susceptibility Yes* Mes 
Division of labor No Yes 
Activity level Yes Yes 
Environment structure Yes Yes* 
Additive multifactor effects 
Antibiotics and quarantine Yes No 
Antibiotics and immunity Yes No 
Antibiotics and vaccination Yes No 


and virulence 


Sources: Based on Antia and Lipsitch 1997; Brisson et al. 2000; Brooker et al. 2002; 
Brookmeyer et al. 2003; Davison and Nair 2005; Eames and Keeling 2002; Fefferman 
et al. 2007; Hupert et al. 2002; Kaplan 1990; Longini et al. 2004; Meltzer et al. 2001; 
Michaels et al. 2004; Naug and Camazine 2002; Pie et al. 2004, 2005; Reilly et al. 2004; 
Starr and Campbell 2001; Temime et al. 2004; and Wendelboe et al. 2005 

Note: Although vaccination, antibiotic protection and prophylaxis are distinct concepts 
in the context of social insects, in human epidemiology there may be some scenarios in 
which they operate as the same factor. 

*Indicates that the effect of these metrics on disease spread has been measured 


empirically. 
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architecture, behavior, social immunity, and nest hygienic behavior can af- 
fect disease transmission (Naug and Camazine 2002; Pie, Rosengaus, and 
Traniello 2004; Fefferman et al. 2007). Many aspects of social organization 
pertinent to disease dynamics within the population of a colony can be em- 
pirically determined, such as demography, task allocation, and nest struc- 
ture. In addition, some of the standard epidemiological metrics employed 
in human disease studies (e.g., infectivity) have been measured (Table 
24.1). The mechanisms that likely govern exposure are more complex, but 
in the case of social insects, where mechanisms of exposure can be clearly 
defined and observed, it is possible to measure epidemiological factors to 
validate models and thus increase our understanding of exposure and the 
influences of individual behavior and social structure on infection control. 

To illustrate the ways in which these standard epidemiological rates rely 
on exposure and the types of predictive models that can be developed, 
consider the following mathematical expressions for etiologic- and 
exposure-based parameters: 


E,, r = The probability of exposure, for each worker, in a group of 
individuals of caste X at time T. 

I =The probability of becoming infected from exposure (subscript 
denotes time since previous infection, with some measure of 
immunity conferred that influences a current probability of 
infection). 

S, =The probability of becoming symptomatic at time T, given 
infection at time T=0. 

C, =The probability of becoming contagious at time T, given infection 
at time T=0. 

M, = The probability of death at time T, given the onset of symptoms 
at time T=0. 


While it is still possible to consider each of these variables as population- 
wide transition averages (as is done in traditional susceptible-infected- 
recovered epidemiological models, also called “mean field approximation” 
models), this method brings the successive conditional probabilities 
into the definitions. Standard epidemiological rates can then be defined 


mathematically: pathogenicity as ae 


n 
> i > 
o virulence as r M,, and 


infectivity as I*C,, where n=the duration of disease until either death or 
recovery and infection beginning on day 0. Similarly, attack rate may be 
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defined as I* ee é Sr where n =the end of the window for disease expres- 


sion. Expressed mathematically, these standard concepts in epidemiology 
are conditional probabilities, building on each other, and each fundamen- 
tally relying on the underlying probability of exposure (see Figure 24.2 for 
a visualization of how these concepts follow directly from exposure risks). 
In social insect research, ET, can be experimentally manipulated and 
Sp Cr and M, can all be measured. None of this is possible in human 


Primary 
pathogen  <—~---~----==-=—-===-=- 
exposure Secondary 


a pathogen <-, 
exposure 


recovered — 
individuals A 


Figure 24.2. A visualization of the progression of disease spread based on 
underlying exposure. 
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studies. Pathogenicity, virulence, infectivity, and attack rate can all then be 
computed, thereby providing known parameter values for use in previ- 
ously purely theoretical modeling. This allows the testing of predictive 
models of outbreak scenarios (including the traditional SIR (S = susceptible; 
I=infections; R=recovered) models)—something which has not been 
possible in epidemiological modeling on such a scale. Furthermore, the 
ability to validate models in this way opens the possibility for the theoreti- 
cal investigation of the efficacy of specific interventions or defenses to 
combat disease spread by influencing the underlying exposure rates. 

By dissecting the system of disease dynamics in this way, we can then ex- 
amine the roles of individual aspects of social phenotype. By manipulating 
hypothesized mechanisms of exposure and calculating their effect on de- 
pendent metrics, we are able to tease apart the effects of individual behav- 
ior and colony structure on disease spread. The demographic distribution 
of a population and the associated age-specific etiologies of a given pathogen 
can be recorded. Modes of infection can be isolated and rates of transmis- 
sion among nestmates and colonies can be determined. The induction and 
subsequent efficacy of immunity can be tested. All of the standard epi- 
demiological parameters can be investigated and models based on these 
parameters can provide insight into how each influences patterns of dis- 
ease in a population. However, social insect colonies provide an opportu- 
nity to investigate the effect on disease dynamics of other factors often 
assumed pertinent, but rarely amenable to experimental manipulation in 
humans, such as behavioral responses to pathogen presence (e.g., al- 
logrooming, alarm signaling, contact rates between susceptible and in- 
fected individuals). Computational models are being developed to examine 
the effects of such influences in cases where direct empirical manipula- 
tion, even in social insects, is difficult (Fefferman et al. 2007). 

Infectious disease epidemiology in social insect colonies has begun to ex- 
amine the effects of social behavior and colony organization through model- 
ing. Naug and Camazine (2002) created a cellular automata model to examine 
the effects of division of labor and interaction networks among nestmates 
and colony demography, focusing on transmission rates among colony sub- 
groups as defined by colony size, and using an underlying spatially explicit 
nest structure. We altered the density of infected workers at the outset of 
each model run within castes and varied the inter-caste probabilities 
of transmission to represent differences in their rates of interaction. We then 
examined the trajectory of disease in a closed population, using the number 
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of infected individuals at any given time as their metric of comparison. Our 
results indicate that although the presence of distinct subgroups within the 
nest was by itself ineffective as a protective measure, when combined with 
the altered caste-specific replacement rates the two properties were success- 
ful at reducing the number of infected individuals. This implies that division 
of labor within a colony can act in concert with demographic change to pro- 
vide some measure of protection against disease risks. 

Pie, Rosengaus, and Traniello (2004) dealt more explicitly with exposure 
by constructing both a mean field approximation and cellular automata 
models of disease in a single termite colony. Here, the effects of disease on 
colony-wide survivorship were compared, rather than the number of indi- 
viduals infected at any given time. In the mean field approximation model, 
contact was based on the density of infected individuals, which was found 
to have a significant effect on the likelihood of epidemics within the 
colony. In the cellular automata model, transmission occurred between in- 
fected and susceptible individuals if they co-occupied the same cell ac- 
cording to a uniform probability. Nest architecture was found to have 
increasing protective benefit against colony-wide spread of disease as the 
nest became increasingly spatially segregated, and thus subdivided. By fo- 
cusing the cellular automata models on the restrictions of movement in a 
spatially explicit environment and holding the probabilities of transmission 
constant subsequent to exposure, these models allowed the examination of 
the effects of nest architecture and worker activity level on exposure risk. 

Fefferman et al. (2007) developed a series of cellular automata models 
to analyze the relative efficacy of allogrooming, immunity, and nest hy- 
giene in combating pathogen challenges hypothesized to be associated 
with the transition from solitary to presocial to eusocial life. Nest hygiene 
was found to provide an immediate survival benefit, and immunity low- 
ered overall disease susceptibility under constant and periodic disease ex- 
posure scenarios, Allogrooming increased survivorship in chronically 
pathogen-challenged colonies, but also increased transmission rates when 
exposure was recurrent. Colonies having demographies biased toward ei- 
ther young or old individuals had slightly higher mortality than those with 
evenly distributed demographies. These models indicated that nest hygiene 
and immunity function on different temporal scales and can interact with 
demography to lower disease risks and with the age distribution of individ- 
uals to lower, to varying extents, pathogen-related mortality risks in social 
insects. Indeed, nest hygiene had an immediate and significant impact on 
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improved survivorship. Allogrooming benefited overall survival in the short 
term, but the advantage was outweighed over time by the loss of protec- 
tion conferred via socially transmitted immunity. The equilibrium point of 
the trade-off between the costs and benefits of allogrooming is therefore 
likely influenced by natural patterns of exposure. The results suggest that 
infection control systems in social species were built upon the inducible 
immune defenses and nest hygienic behaviors of solitary and presocial an- 
cestors and served as important preadaptations to manage disease trans- 
mission in colonies of incipiently eusocial species. 

While social insects are an appealing model system for the study of dis- 
ease and sociality in all group-living animals due to generalities of the so- 
cial phenotype, there are a number of equally appealing differences that 
make them more accessible to study than many other social species. Human 
behavior is too complex and diverse to model effectively; examining how 
individual and group behavior can provide infection-control benefits is dif- 
ficult (if not unethical) through empirical study. The inability to manipulate 
contributing factors, the lack of replication, and the lack of control/under- 
standing of possible confounding factors (e.g., genetics or environmental 
conditions) create the need for a simpler model system. Therefore, we 
have demonstrated that social insects can provide a simplified study sys- 
tem where social structure, behavioral decisions, and their epidemiological 
impact can be examined empirically on both an individual and colony- 
wide level, and modeled accordingly. 

The use of a simplified biological system that retains crucial but other- 
wise impenetrable aspects of group living is a powerful tool, allowing the 
external validation of theoretical models of disease spread that incorporate 
the substantial effects of behavior and social structure in ways that have not 
previously been possible. As a model system, social insects offer significant 
and diverse opportunities for analysis within colonies, between colonies, 
and/or across populations of colonies. Contact rates among foragers of 
different colonies can be easily made to represent different populations 
that vary in rates of emigration and immigration. Additionally, the focus 
can be on an individual rather than a population. 

Socioecoimmunology can help us to understand the selective pressures 
and constraints that accompanied adaptations to pathogen exposure as in- 
sects evolved socially and diversified ecologically, and to identify the 
infection-reducing benefits associated with colonial life. As we have argued, 
the ability of social insects to control infection results from the behavioral 


Social Insects as Models in Epidemiology 563 


and physiological attributes of individuals as well as the social groups in 
which they reside. The nature of social interactions among nestmates, as 
well as the mechanisms of disease transmission and pathogen defense, may 
directly parallel those of other group-living animals. Social insects exhibit 
both innate and adaptive immune responses to pathogen challenge and 
some species have social mechanisms of generating immunity (Traniello, 
Rosengaus, and Savoie 2002) that can be thought of as similar to human 
vaccination. They face both primary and secondary exposure to disease 
and are vulnerable to a variety of micro- and macro-parasites via many 
different modes of transmission. Social insect behavior can be observed 
with relative ease, and colony subpopulations that perform specific tasks 
with different associated risks of exposure to pathogens can be monitored. 
Workers are capable of modifying their behaviors in response to the threat 
of pathogen exposure, including quarantining possibly infected individuals 
and sending alarm signals that cause nestmates to avoid contaminated areas 
of the nest. They can generate effective immune responses (e.g., Mackin- 
tosh et al. 1998; Rosengaus Traniello, et al. 1999) and regulate pathogen 
spread with hygienic behavior (Spivak and Gilliam 1998a, b). These be- 
haviors parallel human behavioral interactions (e.g., parents being more 
frequently exposed to childhood diseases than adults without children, 
healthcare workers being exposed to a greater diversity of pathogens, etc.) 
and public health efforts (e.g., Food & Drug Administration recalls of con- 
taminated food, or flags to indicate pollution along public beaches), albeit 
as the result of local rather than group decision making (e.g., Rosengaus, 
Jordan, et al. 1999). Finally, as in many group-living animals, social insects 
exhibit differential susceptibility to some diseases based on the develop- 
mental stage of colony members (Rosengaus and Traniello 2001; Evans 
and Lopez 2004). 

Traditionally, modeling social insect biology has been somewhat limited 
in scope, but the properties of colonies make them ideal biological systems 
for the study of a wide array of aspects of infectious disease epidemiology. 
The fact that accurate representation of this biological system in computa- 
tional models may be verified by empirical investigation presents a unique 
research opportunity. In no other system is it possible to manipulate as 
many of the factors directly governing exposure, infection, and disease de- 
fense as is possible with social insects. By using empirical studies to test 
the predictions of models, we can have greater confidence in the accuracy 
of results of more complicated, purely theoretical investigations than has 
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previously been possible for epidemiologists to achieve. Investigations in- 
insect socioecoimmunology can advance our understanding of the role of 
sociality in disease risk and control in both the study of social insects and 
the field of infectious disease epidemiology in ways that each discipline 
might not be able to accomplish separately. 

Over the last few years, models have begun to set the groundwork for 
deeper investigation into the epidemiology and socioecoimmunology of in- 
sect colonies and provide methods to examine how individual behaviors 
can have potentially synergistic contributions to colony health and survival. 
They allow the examination of how colony structure and organization can 
directly affect exposure, as well as illuminating how disease resistance 
traits of the solitary ancestors of eusocial species were adaptively ex- 
pressed within the context of group life (Fefferman et al. 2007). 

An entirely new scope of questions about the nature of disease dynamics 
governed by the social phenotype and influencing its evolution can now begin 
to be examined: To what extent is disease regulation built on emergent prop- 
erties of a colony? At what point will compromising colony efficiency lower 
disease risk and maximize fitness? How does selection for disease resistance 
at multiple levels affect the ergonomic organization of a colony? How do im- 
munological systems change as a consequence of social evolution and how do 
they interact with social behavior to control disease? Each of these questions 
(among many others) are of direct interest, not only as significant and timely 
questions in sociobiology, but also as a first step toward addressing analogous 
questions about the structure of human society and disease. 
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Social Insects, Cohesion, and the 
Units-of-Selection Problem 


Evolutionary theory is general in a way that is often not appreciated 
(Okasha 2006), partly because of the long-standing focus at the organism 
and gene levels. In the abstract, however, there is nothing special from an 
evolutionary perspective about any particular level of biological organiza- 
tion. One concrete problem for researchers is determining which levels 
are special because of the causal or historical circumstances of evolution- 
ary change. John Maynard Smith captured the issue with characteristic 
pith in 1988: “Any population of entities with the properties of multiplica- 
tion (one entity can give rise to many), variation (entities are not all alike, 
and some kinds are more likely to survive and multiply than others), and 
heredity (like begets like) will evolve: A major problem for current evolu- 
tionary theory is to identify the relevant entities.” 

Our task in this chapter is to point to a new way to frame this problem as 
it pertains to social insect colonies and to colony-level selection. We argue 
below that there are two general superorganism approaches: one focused 
on similarities between organisms and colonies that has its roots in the 
developmental and organicist traditions followed by William Morton 
Wheeler (Wheeler 1911, 1928; Seeley 1995; Moritz and Southwick 1992; 


572 


Social Insects and the Individuality Thesis 573 


Moritz and Fuchs 1998), and one that emphasizes the colony as a unit of 
selection and has its roots in kin and group selection theory (Wilson and 
Hdlldobler 2005; Reeve and Hölldobler, 2007). The similarity approach 
is very widely used, but we think it obscures important issues about 
evolution. The selection approach does attend to evolutionary subtleties, 
but it largely ignores development. 

Here we offer an alternative conceptualization of colonies in terms of 
the individuality thesis of Ghiselin (1969, 1974) and Hull (1976, 1978) that 
brings together the best features of both superorganism approaches while 
avoiding the shortcomings of each. The individuality thesis says that com- 
plex or higher-level biological objects are individuals, rather than that they 
are like organisms. While the individuality thesis was originally articulated 
to address a set of issues around the reality and nature of species, we argue 
that it applies well to colonies and that it frames an important set of ques- 
tions about colony-level multiplication, variation, and heredity, thus throw- 
ing light on the colony as a unit of selection. Most importantly, it helps 
reopen a discussion about development at the colony level. 

Understanding what colonies are and how they function from an evolu- 
tionary perspective turns out to be very similar to understanding species 
and how they function. We draw out this parallel below to illustrate the in- 
dividuality thesis in detail, and argue that all real biological taxa are con- 
crete, spatio-temporally located individuals rather than abstract classes or 
sets, and that the individual, rather than the organism, is the paradigm 
unit. We also begin to apply the individuality thesis to colonies. In particu- 
lar, we situate our arguments within an evolutionary framework by sketch- 
ing a picture of reproduction at the colony level—a sine qua non of 
colony-level selection. In the final section we point to some work that 
remains in applying the individuality thesis to colonies. 


Individuals, Not Superorganisms 


The central idea in this chapter is that colonies are individuals. This thesis 
is worth arguing for two reasons. The first is that it frames the discussion of 
colony-level selection in a way that can be obscured by thinking of colonies 
as superorganisms. We think the similarity approach to superorganisms is 
metaphorical in a manner that leads away from the most interesting 
questions about social insects because it relies on the brittle notion that 
colonies and organisms are similar. 
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The second reason that attention to the individuality thesis is worth- 
while is that it frames a more general set of questions about what it means 
to be an evolutionary unit and reframes disagreements over what it means 
to be a superorganism within a selectionist approach. As we shall see, the 
selection approach to superorganisms that is being developed by Holldobler 
and colleagues is a shift away from, and an improvement on, the similarity 
approach and toward an account given in terms of the evolutionary conse- 
quences of sociality, but it still has some shortcomings that can be ad- 
dressed by thinking about colonies as individuals. One important reason 
the individuality approach is superior is that it connects the selection ap- 
proach to a developmental account of social insect colonies. 


The Similarity Approach to Superorganisms 


One problem with the similarity approach to superorganisms is that simi- 
larity is a notoriously difficult relation to capture meaningfully (Goodman 
1974), for the reason that, as Sterelny and Griffiths (1999) have put it, 
“similarity without theory is empty.” There are any number of similarities 
(and dissimilarities) between any two biological entities, and the similar- 
ity approach to superorganisms gives very little guidance about what the 
relevant similarities are or how to capture them. Put another way, the su- 
perorganism metaphor has had the effect of hiding rather than emphasiz- 
ing the theory that is needed to put flesh on the bones of similarity claims. 

This objection can be put more concretely. In their defense of the super- 
organism metaphor, Wilson and Sober (1989) argue that a superorganism is 
“a collection of single creatures that together possess the functional organi- 
zation implicit in the formal definition of an organism.” There are two strains 
to Wilson and Sober’s argument. On the one hand, they sometimes speak of 
superorganisms as being real entities. On the other hand, they sometimes 
argue that colonies are relevantly like organisms because both are function- 
ally organized. We are sympathetic to the former notion but wish to raise 
some concerns about their reliance on metaphor in the latter. Colonies are 
not individuals because they are functionally organized, but are functionally 
organized because they are individuals. Wilson and Sober argue in favor of 
the superorganism concept partly, at least, to advance their thesis that natu- 
ral selection operates at multiple levels of biological organization. We are 
quite sympathetic to this thesis for reasons that will be clear in the next sec- 
tion, but superorganism talk of this sort is not illuminating precisely because 
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it provokes commentators to ask after the closeness of the similarity, rather 
than directly about the quality of the causal claims being made. Moreover, 
what counts as similar enough varies with one’s theoretical perspective in a 
way that renders the matter virtually impossible to settle. 

Take, for instance, the objections to Wilson and Sober raised by 
Mitchell and Page (1992). Mitchell and Page are also proponents of multi- 
level selection, but argue that Wilson and Sober’s defense of the superor- 
ganism metaphor “obscures our vision” because there are important 
respects in which functional organization at the colony level varies across 
species of social insects and, thus, that colonies are unlike organisms. 
Again, colonies and organisms are both similar and dissimilar in different 
respects and to different degrees, and refining the superorganism meta- 
phor has not led researchers to a better understanding of or agreement 
about selection at the colony level. 

We hope to do better. Approaching colonies in terms of individuality 
allows one to ask what it means for them to participate in relevant evolution- 
ary and ecological processes, rather than what similarities there are (or are 
not) between colonies and organisms. From our perspective, it is because 
colonies are individuals that participate in various biological processes that 
they are relevantly similar to individual organisms and are functionally orga- 
nized (as opposed to Wilson and Sober, who argue that it is because colonies 
are functionally organized that they are superorganisms). Despite this talk of 
similarity, however, the individuality approach shifts the discussion substan- 
tially. The new emphasis is on the particular causal relations that hold be- 
tween parts of a whole such that they form a cohesive individual, as well as 
on what it means for that individual to participate in evolutionary processes. 


The Selection Approach to Superorganisms 


The selection approach to superorganisms, exemplified in the strain of 
Wilson and Sober’s (1989) argument that takes superorganisms to be real 
things, and in the work of Hilldobler and collaborators, places participa- 
tion in evolutionary processes at the fore of defining what a superorganism 
is. From this approach, to be a superorganism is to be a colony in which 
within-group competition is nearly nonexistent, while between-group 
competition is high (Reeve and Hilldobler 2007). This approach is explic- 
itly about natural selection (and implicitly about the causal relations that 
hold between the organisms in a colony such that they form a “selectable” 
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unit) because in a scenario in which cooperation within groups and 
competition between groups are both pronounced, the case is made that 
selection is operating at the level of the group. 

This approach has the advantage that it puts evolutionary processes in 
the foreground and is clearly in line with the individuality thesis, but it has 
the disadvantage that it does not obviously have the resources to address 
colony-level multiplication, variation, and heredity directly. It also leads to 
some disagreement about how social a colony must be before it is properly 
called a superorganism. Should a colony only be called a superorganism 
when within-group competition is nearly nonexistent as Hélldobler argues, 
or whenever within-group competition is a less powerful evolutionary 
force than between-group competition, as E. O. Wilson (1975) apparently 
argues (Keim 2007)? This disagreement is not necessarily over ontology, 
but may be usefully recast (and redirected) by placing it in the context of 
the individuality thesis. As will be seen, this amounts to prioritizing the 
question of what it means to be a colony, the result of which is to resurrect 
talk of development and shift the important foci of the debate away from 
superorganism talk. The advantages of understanding colonies this way 
can be made clearer by analyzing what it means to say that colonies and 


other kinds of biological entities are individuals. 


Individuality and Cohesion: Two Parallel Cases 


The thesis that species are biological individuals has been much discussed 
and, we think, widely misapplied. Misapplications result in part from think- 
ing that the thesis gives particular advice about what sorts of individuals 
species are (e.g., Ghiselin 1997) or about what processes drive macroevolu- 
tion (e.g., Eldredge 1985; Cracraft 1987). As we read it, all the thesis says is 
that (i) species are defined by ancestry, not by possession of any properties 
or characters, and (ii) that species are spatio-temporally located biological 
wholes constituted by parts (as opposed to having members). 

What determines whether something is a part of a biological whole are 
the relations between it and other parts of that whole, as opposed to pos- 
session of any particular (set of) property(ies). That is, biological taxa are 
not sets, classes, or any other kind of abstract entity (at least not as these 
are traditionally understood). The thesis denies essentialism of the kind 
decried by Mayr (1959) and others (Cain 1958; Simpson 1961; Hull 1965; 
see also Winsor 2006), but taken alone, says nothing at all about what 
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particular relations do or must obtain for parts to be unified into a given 
biological whole or how cohesive an individual must be in order to be a unit 
of selection. In other words, the individuality thesis makes a very general 
ontological cut, and leaves a fair bit of work to be done in specific cases. 

Our contention, developed below, is that there are many causal relations 
by which parts cohere into biological wholes—many cohesion-generating 
relations (CGRs)—and that the most familiar one is not always the one at 
work in a given case (Haber and Hamilton 2005; Hamilton and Haber 
2006). The individuality thesis says that physically scattered entities, like 
colonies and species, are no less individuals than are more familiar ones that 
are bounded by membranes or skin. The cohesion-generating glue that 
binds the parts into a unified whole is somewhat different with colonies 
than with species or organisms, but this difference is not ontologically rel- 
evant. More importantly, this difference is not visible to natural selection, 
provided that other conditions are met. 

Given this reading of the individuality thesis, its usefulness lies in fram- 
ing a discussion about multiplication, fitness, variation, and heredity at the 
colony level, rather than in giving information about how we should un- 
derstand particular entities or the relationships between their constituent 
parts. To say that something is an individual is to say something incom- 
plete. One wants more information: What unifies the parts such that they 
form a single entity? Among the various kinds of relations—gene flow 
(Mayr 1963; Ehrlich and Raven 1969), phylogeny (Mishler and Theriot 
2000; Wheeler and Platnik 2000), shared evolutionary fates (Wiley 1978; 
Wiley and Mayden 2000), and so on—that generate cohesion, which are 
salient in particular cases? Under what conditions do particular CGRs 
break down? In particular cases of CGR disruption, what happens? When 
and why do new relationships obtain and how do they causally partition 
the world into parts and wholes? We attempt to orient the reader first by 
framing answers to these questions for species. We then move on to dis- 
cuss CGRs for social insects, with a focus on sociality. 


Species as Individuals 


As biological individuals, species are both made up of biological parts 
and are themselves parts of larger biological entities (wholes). What 
these various parts and wholes are is, famously, controversial. Further- 
more, it is not enough to simply be composed of biological parts and to 
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be a part of a larger biological entity. To be a species is to be made up of 
parts that stand in some appropriate CGR, and to stand in relevant rela- 
tionships to other species (e.g., phylogenetic relationships). What these 
relations are is also famously controversial. These controversies are 
tightly linked to, and often simply map onto, debates over species con- 
cepts. So, for example, one theory of what it means for something to be a 
species is that it is composed of individual organisms that interbreed, 
and is itself a part of a lineage of populations. Species, unlike (most) in- 
dividual organisms, are not bound by membranes; instead their parts co- 
here in other ways. 

Were the boundaries of species easily discernable, then debates over the 
CGRs that are the glue of species may have been more easily resolvable 
(though membranes hardly settle the matter for organisms). Unfortunately, 
the beginning and end of a species (both spatially and temporally) rarely 
presents itself in any obvious manner. The matter is not simply an epis- 
temic one; data alone will not be sufficient to determine the boundaries of 
a species. Which data are salient depends on the theoretical and concep- 
tual framework in which they are implemented. Researchers working with 
different species concepts may agree on the data, but disagree over what 
constitutes a species boundary, or even over which data count as evidence 
for a that boundary. This situation may be resolved in many ways. One op- 
tion is to advocate a pluralistic approach to species and species boundaries 
(Ereshefsky 2001). Another is to argue that a particular species concept is 
the only or best one. Species also may be more or less cohesive, and this 
complicates matters. The degree of cohesiveness necessary for a group of 
organisms to count as a species will be specified by particular species con- 
cepts. Again, this is an arena about which there is much controversy, and 
tracks very closely to the debates over how to delimit the boundaries of a 
species. 

Far from settling the question of which species concept is superior or 
even the question of whether one ought to be a pluralist or monist about 
species concepts, the individuality thesis helps to demarcate the contours 
of the debate. When two researchers advocate different concepts, it is often 
because of deeper commitments; namely, they disagree about which 
CGRs are most salient. Take, for instance, Mayr’s (2000) criticism of the 
evolutionary species concept of Wiley and Mayden (2000). Mayr argued 
that “the capacity for evolving is not the crucial biological criterion of a 
species; that would be the protection of its gene pool.” Mayr’s objection, 
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essentially, is that he understands gene flow to be the most important 
causal process at the species level, whereas Wiley and Mayden take it that 
the suite of causal processes that render particular populations unique in 
their evolutionary trajectories are most important. Here we have a dis- 
agreement over species concepts that is driven by differing understand- 
ings of which CGRs are most important; that is, the dispute is over what 
kinds of biological individuals species are. 


Colonies as Individuals 


Now that we have seen how the individuality thesis applies to species, we 
can explore in detail what it means for colonies of social insects to be in- 
dividuals. All by itself, the thesis carries no information about the fea- 
tures of units of selection that have interested Maynard Smith and other 
theoreticians. That is, the individuality thesis applied to social insects 
tells us little about colonies that reproduce differentially, vary, and have 
heritable traits. To fill in these details, it will be necessary to discover 
what kind of biological individuals colonies of social insects are by speci- 
fying which CGRs unify them. These details have to be worked out if the 
case is to be made that social insect colonies are both individuals and 
units of selection. 

Colonies of social insects are individuals in the sense that they, like all 
other biological individuals, are defined by ancestry and are concrete rather 
than abstract (i.e., are spatio-temporally located). This line of thought can 
be fleshed out by anticipating an objection about dissimilarities between 
colonies and organisms. We take it that the latter are paradigm individuals 
for most people, and that some will not want to countenance colonies as 
individuals for the reason that colonies (and species for that matter) are 
not physically integrated in the same way that organisms are. Organisms 
seem to have relatively clear boundaries set by physical membranes that 
enclose the parts of the organisms. Colonies are not like this. A social in- 
sect colony is composed of many discrete parts—the individual insects— 
which can be spread over space in a way that the parts of organisms 
generally can not. 

This objection confuses what it means to be an individual with what it 
means to be an organism, and argues against the superorganism metaphor 
once again on the grounds that colonies are not relevantly like organisms. 
Not all individuals, however, are organisms (Wilson and Sober 1989). As 


580 Theoretical Perspectives on Social Organization 


Ghiselin (1974) and Hull (1976, 1978) pointed out in their original articu- 
lation of the individuality thesis about species, being spatially spread out in 
a way that most organisms are not is no reason to discount individuality. All 
sorts of scattered objects are rightly regarded as individuals (e.g., universi- 
ties, corporations, and solar systems). 

Physical integration is just one kind of cohesion that unifies parts into 
wholes, and it comes in degrees. Sociality is another kind of cohesion 
(Queller 2000), and it also comes in degrees. Relatedness (Hamilton 
1964; Gadau and Laubichler 2006) and functional integration (Wilson 
and Sober 1989) are other, relevant CGRs for colonies of social insects. 
Whether or not colonies are rightly countenanced as units of selection de- 
pends on whether they participate in causal processes qua unified whole 
rather than only by means of the interactions between their parts. The 
relevant colony-level causal processes for natural selection at every level 
are multiplication, variation, and the passing on of heritable, fitness- 
relevant traits. What these processes look like at the colony level is the 
topic of the next section. 

Colonies are certainly logical individuals, in that they are constituted by 
parts; the relevant question is whether they are rightly counted as biologi- 
cal individuals. To decide this issue, it is necessary to resolve whether 
these parts stand in some biologically interesting CGR, whether colonies 
stand in relevant relations to other colonies, and whether colonies are 
themselves parts of larger biological wholes. Answering these questions 
will address whether colonies cohere enough to be “seen” as a selectable 
object from the “point of view” of natural selection, and whether they co- 
here enough and in the right way to be selectable. At a minimum, this will 
mean that colonies multiply, vary, and have heritable traits. Notice that the 
selection approach focuses on the cohesion that arises from within-group 
cooperation, allowing the confrontation of problems about how colonies 
participate in evolutionary processes from a particular theoretical perspec- 
tive. What happens when we prioritize the ontology of development over 
any particular CGR is explored below. 


Colonies as Selectable Individuals: Multiplication, 
Reproduction, and Development 


Now that we have a clearer understanding of the individuality thesis as it ap- 
plies to colonies, we can ask what it means for colonies to be the kind of in- 
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dividual on which natural selection operates. In other words, if colonies are 
to be selectable, it must be the case that colonies reproduce differentially in 
a way that leads to a fitness-relevant modification of a population of colonies. 
Notice that, despite our focus on evolution, this is a substantially different 
way of thinking about colonies than what is found in the selection approach 
to superorganisms. Our approach prioritizes discussion about what it means 
for colonies to reproduce other colonies rather than pointing at a particular 
CGR as the relation that marks superorganisms off from other kinds of bio- 
logical individuals. Instead, relevant CGR are determined by fall out of em- 
pirical research and conceptual framing of colony reproduction. 

Space considerations do not allow for elaboration of all aspects of colony- 
level processes here, so we focus on multiplication/reproduction, which we 
take to be the hardest case. In order for colonies to be selectable individu- 
als, they must reproduce other colonies. Though loose talk of colony repro- 
duction may be common, here we consider the details of colony behavior 
against the background of individuality and a general theory of biological 
reproduction, and it becomes clear that it is the colonies—not just their 
constituent organisms—that reproduce. 

In order to make the case that colonies, rather than only organisms, re- 
produce, it will be necessary first to have a look at a general account of re- 
production. The most highly articulated account that we know of is by 
Griesemer (2000), who argued that biological reproduction has two com- 
ponents: progeneration and development. Progeneration is a special kind 
of multiplication on which material progenerants overlap across genera- 
tions. The material overlap requirement is meant to distinguish reproduc- 
tion from mere multiplication or copying, and thus to mark off the 
biological processes that result in an increase in the number of entities 
from other processes that have the same result; that is, there is no repro- 
duction at a distance in biology. 

According to this definition, photocopying is multiplication because it 
increases the number of entities of the same kind, but it isn’t reproduction, 
partly because there is no material overlap. Because reproducers come in 
various shapes and sizes, the relevant generation-spanning material will 
vary by taxon and level of organization. In our own species, the relevant 
material is gametes and the subsequent fertilized egg with its complete 
diploid complement of genes. In prokaryotic cells that reproduce by bi- 
nary fission, various cellular materials are shared between generations. With 
honey bees, a new colony is born when a mated foundress and a contingent 
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of workers leave their former hive and establish a new one. In this case, the 
overlapping material is the colony sub-unit. 

A foundress and a contingent of workers (i.e., a colony propagule) does 
not, of course, make a colony any more than a gamete by itself constitutes 
a human being. This brings us to development, the second component of 
Griesemer’s (2000) account of reproduction. Griesemer understood devel- 
opment to be the acquisition of the capacity to reproduce. Reproduction, 
then, is the progeneration by material overlap of entities or material that 
have the capacity to develop in such a way that the process is repeated. 
This way of thinking about reproduction is iterative, since developing into 
a reproducer is built in, but the account avoids circularity by bottoming 
out at null development. Not all reproducers need to acquire the capacity 
to reproduce; it is at least possible that some have this capacity at pro- 
generation. 

With this brief sketch in mind, we can proceed to discuss colonies in 
more detail. The most familiar case of what Michener (1974) calls “colony 
multiplication” is, perhaps, the swarm behavior of eusocial bees. In swarm- 
ing, the colony splits fairly abruptly, and a new colony site is located and 
communicated by forager bees turned scouts. A colony propagule then de- 
parts for the new location and establishes a colony. Swarm behavior is in- 
teresting in the context of our argument for two reasons. First, it is fairly 
easy to see that we have a case of material overlap, even if the material is 
not at the level of organization that we are used to thinking about with re- 
spect to reproduction: here the colony is the individual and the overlap- 
ping material is the colony propagule that make up the nascent daughter 
colony. Second, it is also clear that we do not have a case of organism-level 
reproduction by another name. The foundress will rear new workers 
quickly, but this, we suggest, is best understood as part of the development 
of the new colony. After all, it is not the reproduction of any particular or- 
ganism that counts as the production of a new colony. Only the coordi- 
nated reproduction and development of individual workers will tell the 
whole story of the establishment of a new colony. This is a function of what 
it means to be an individual colony. 

Highly eusocial species like some of those in the apid subfamily Apinae 
are characterized by a high degree of task specialization. The gyne lacks 
the physical structure for pollen foraging, and thus cannot survive apart 
from the colony. Similarly, the workers generally do not reproduce (Viss- 
cher 1996). The set of tight functional relationships that obtain at the 
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colony level are intrinsic features of the individual colony, though notice 
that these supervene on the extrinsic relational properties (CGRs) that ob- 
tain between the parts of that colony (i.e., the foundress and workers). To 
track individual colony reproduction is to mark the relevant CGRs of the 
parts of a colony, and to identify and discover the relevant patterns of CGR 
disruption and formation. The shape and nature of these patterns will de- 
termine whether colonies are units of evolution or selection. 

A new colony cannot, of course, be the source of a second immediate 
swarm: in Apis, about two hundred bees are necessary (Michener 1974). 
Even if the relevant (non-density dependent) stimuli were present, the in- 
cipient colony would have to forage for pollen and nectar stores, scout a 
new location, and rear a new gyne. Two of these three tasks will usually re- 
quire the building of comb, and this task also requires a minimum number 
of bees (Darchen 1957). This is just to say that the incipient colony has 
the capacity to acquire the capacity to reproduce: incipient colonies have 
the capacity to build a hive (development) that confers the capacity to be the 
parent colony for a swarm. This is development at the colony level. In be- 
coming fully functional, the colony acquires the capacity to be the source 
of a swarm. 

It should now be easy to see how to proceed along these lines by way of 
taking up the problem framed by Maynard Smith (1988); with a plausible 
account of reproduction at the colony level in place for highly eusocial 
bees, accounts of variation and fitness of colony-level traits will follow 
without much difficulty given existing work on the evolution of eusocial 
colonies (e.g., the selection approach account). There will surely be com- 
petition for resources among proximate colonies, and the colonies are 
often more or less isolated reproductively from sister colonies. Indeed, 
there is already a large body of literature on these topics (Wade 1978; 
Owen and Harder 1995; Page and Fondrk 1995; Moore, Brodie, and Wolf 
1997; Wilson and Dugatkin 1997; Sober and Wilson 1998; Fewell 2003; 
Tarpy, Gilley, and Seeley 2004). There is another, prior step to understand- 
ing selection and heritability, as they may or may not apply to colonies. The 
need for more conceptual work is illustrated by paying attention to varia- 
tion in the kinds of sociality—the kinds and degrees of CGRs—among so- 
cial insects. With eusocial species, the reproducer case is relatively easy to 
make because of the tight functional integration among the various task 
specialists. But what of colonies that are less social? Does it make sense to 
think that they are reproducers as well? 
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Take, for instance, the extreme opposite case of sleeping clusters, in 
which a relatively small number of mostly male bees (or wasps) gather 
overnight. Michener (1974) reported that bees of all families except the 
Apidae form such clusters, and he further argued that sleeping clusters are 
not colonies because “the bees... in a cluster are not inhabiting a nest, 
rearing young, and the like.” According to Michener, allodapine species— 
whose organization ranges from solitary to primitively eusocial—do form 
colonies, but these colonies are often or always founded by a lone female. 
Because all the young are reared together with care only from the mother, 
the colony is not social at this stage. Some allodapine species go on to be- 
have cooperatively. For instance, in some species, some of the adult daugh- 
ters will become workers while the mother becomes (temporarily, at least) 
a queen. 

The point of this look at different organizational structures is that the 
account of colony reproduction we gave in terms of highly eusocial 
species is a special case, and that it is unclear where the line should be 
drawn between colony-level reproduction and organismal reproduction 
for lesser degrees of sociality. Seeking a threshold on the continuum of so- 
ciality that marks the relevant degree for this particular CGR is probably 
a fool’s errand. Whether or not it is relevant that there is material overlap 
in the case of allodapine bees (the mated foundress leaves one nest to es- 
tablish another), and that in some cases this new nest will come to house 
a group that has varying degrees of sociality, will depend in turn on one’s 
concept of a colony. In like manner, whether or not allodapine nest esta- 
blishment means that we have a new entity that should properly be called 
a daughter colony established by colony-level reproduction will also de- 
pend on one’s colony concept. None of this is worrying in an individuality 
context, as it is expected that individuality comes in degrees (e.g., of phys- 
ical proximity). 


Colony Concepts and Superorganisms 


In the last section we sketched an account of colony-level reproduction, 
and ended up addressing colony concepts. Even where the relevant CGR 
is clear, there is still the matter of degree of cohesion, thus taking us back 
to disagreements stemming from Hölldobler’s concept of superorganism. 
How much cohesion will we require before we mark something as a unit? 
How much disruption of this cohesion will we accept before we want to 
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mark a unit as having broken into its parts? These two questions require 
clarity about colony concepts. Notice, however, that they are precisely 
the questions that systematists ask of species. The cases are parallel be- 
cause they are doing the same work: they are asking where we might locate 
the boundaries of scattered individuals and acknowledging that the task is 
a conceptual one that turns on giving principled reasons for some CGR 
and for the degree to which that CGR should hold. 

The benefit of this approach to colony-level selection is that it makes it 
possible to understand the two remaining issues related to selection. Ac- 
counts of colony-level variation, and colony-level heredity of those varia- 
tions against a fitness environment, will depend on having an appropriate 
colony concept. Because there are several relevant CGRs, however, there 
is no reason at the outset to think that there is a privileged colony concept 
given in terms of some CGR. Again, this is exactly the case with species. 

Given the mishmash of debate about concepts surrounding species, 
what productive work is the individuality thesis doing? And why is it appli- 
cable to thinking about colonies? We have argued that thinking about 
colonies as individuals will generate the right kinds of questions about 
colonies, facilitate useful theoretical and conceptual debates about the na- 
ture of social insect colonies, and, perhaps most important, provide a pow- 
erful explanatory and research framework for how colonies may (or may 
not) participate in various evolutionary processes. 

For example, thinking of colonies as individuals provides new traction 
for debates over levels of selection. Given that biological individuals are 
parts of other biological individuals, and are themselves (often) constituted 
by biological individuals, we should not be surprised to find advocates of 
individual-level selection arguing that selection may act on individuals si- 
multaneously at multiple levels (Sober and Wilson 1999); or, alternatively, 
that distinctions between kinds of group selections must be drawn (Damuth 
and Heisler 1988; Michod 2005; Okasha 2006). 

Like species, colonies may be more or less cohesive. This is just to say 
that social insects, like species and every other kind of biological individ- 
ual, exhibit a range of kinds and degrees of CGRs. This is why the argu- 
ment over whether only eusocial colonies are the only true superorganisms 
seems to us to be wide of the mark: the interesting concerns are not over 
what constitutes a superorganism, but what kinds of cohesions generate 
evolutionary individuals. What degree of cohesiveness is necessary for a 
colony to count as an evolutionary individual is a matter that will not be 
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settled by empirical facts alone. Conceptual and theoretical frameworks of 
being-a-colony are needed to determine which facts are salient; that is, 
which data are evidence one way or another. Likewise, what will count as 
colony-level variation or heritability will, in large part, be determined by 
the colony concept being pressed into service. Sociality and the functional 
integration that comes with it, clearly is a CGR that will play a central role 
in any theory of being a colony, but there is a great more conceptual work 
to be done than most applications of the superorganism concept suggest. 
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Social Insects, Evo-Devo, and the 
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ONE OF THE CONTINUING CHALLENGES of evolutionary biology is to 
mechanistically explain the origin of complex novel structures and behav- 
iors, a problem Darwin already struggled with in the Origin of Species. Re- 
cent advances in comparative genomics have undermined any idea of a 
simple correlation between new phenotypes and new genes, as it is now 
clear that both protein-coding and regulatory genes are conserved across a 
wide range of different species (Gehring 1998; Carroll, Grenier, and 
Weather bee 2005). With this straightforward solution no longer an option, 
how do we account for the obvious phenotypic differences between and 
within groups of organisms and for the emergence of novel structures and 
behaviors in the course of evolution? The short answer is that changes in the 
developmental systems of these organisms and, more specifically, changes in 
gene regulatory networks are responsible for these differences in observable 
phenotypes (Wilkins 2002; Davidson 2006; Davidson and Erwin 2006). This 
conclusion makes intuitive sense as all morphological and behavioral differ- 
ences of adults first emerge during the development and life history of indi- 
vidual organisms. 

Variation in developmental processes will thus always be the immediate, 
or proximate, cause of phenotypic variation. But the devil is, as always, in 
the details: Exactly how do developmental mechanisms contribute to phe- 
notypic variation? How can explanations of developmental mechanisms be 


590 


Social Insects, Evo-Devo, and the Novelty Problem 591 


integrated into the theoretical framework of evolutionary biology, with its 
emphasis on speciation and adaptation through the differential fixation of 
alleles by natural selection? And, more practically, what are the best model 
systems to study these questions experimentally and comparatively? We 
are suggesting social insects as new models for such investigations be- 
cause, as Boveri (1906) noted more than 100 years ago, nature has already 
performed many evolutionary experiments, leaving the results for us to in- 
terpret. Darwin’s ingenious book on speciation was almost exclusively 
based on observations and interpretations of nature’s experiments in evo- 
lution rather than detailed experimental studies. Focusing on ants alone 
leaves us the tantalizing number of at least 20,000 natural experiments, 
many with novel phenotypic and behavioral features if we consider each 
species as an independent experiment. 

Almost 150 years after the publication of Origin, studies of evolutionary 
novelties still face many difficulties. In part, these can be attributed to the 
choice of model systems, which tend to reflect major morphological trans- 
formations such as the fin-limb transition in early tetrapod evolution (Hinch- 
liffe 2002). Most of these transitions happened tens of millions of years ago, 
thus rendering a detailed mechanistic and stepwise reconstruction of the 
evolutionary events responsible for these transformations almost impossible. 
To be more explicit, it is not clear whether the currently observed regulatory 
mechanisms or the genetic architecture generating a limb in vertebrates are 
identical to the ones originally involved in the generation of the first limb, a 
problem that has been identified as the inference gap in explanations of evo- 
lutionary novelties (Wagner 2001). Here, we argue that expanding the focus 
of evolutionary developmental biology (Evo-Devo) to the evolution and de- 
velopment of behavioral phenotypes not only broadens the perspective of 
Evo-Devo, it also helps to overcome the inference gap. 

Social insects are particularly well-suited model systems for studying the 
mechanisms underlying the origin of evolutionary novelties experimentally 
as well as theoretically. Social insects display a remarkable diversity in behav- 
ior and morphological structures, within species and between closely related 
species, allowing the repeated and direct study of the evolution of novelties 
on different evolutionary scales, from populations to orders. Novelties in so- 
cial insects include morphological, physiological, and behavioral innovations 
on both individual and colony levels; for example, worker or queen polymor- 
phism, worker-queen dimorphism, the bee dance, queen numbers, ratio of 
major to minor workers in a colony, and division of labor (e.g., Holldobler 
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and Wilson 1990; West-Eberhard 2003). Social insects are well studied and 
their phylogenetic relationships have recently been resolved for many taxa 
(e.g., bees: Danforth, Conway, and Ji 2003; see also http://www.entomology 
.comell.edu/BeePhylogeny/; ants: Brady et al. 2006; Moreau et al. 2006; 
bumblebees: Cameron, Hines, and Williams 2007; wasps: Hines et al. 2007). 
In addition, many details of their genetic architecture and developmental 
mechanisms of important behavioral traits are known. 

Social insects can be manipulated on both individual and colony levels, in 
several cases actually inducing novel types of social behavior de novo (e.g., 
Fewell and Page 1999, Fewell, Schmidt and Taylor, this volume). In 2006, 
the honey bee became the first social insect with a fully annotated genome, 
concurrently with the tools to manipulate expression levels of specific 
genes. Social insects are unique in that they represent a system in which in- 
dividuals can express phenotypes that, had it been solitary, are detrimental 
or maladaptive for the individual (e.g., altruism) but are highly adaptive in 
the context of a social lifestyle. Explanations of these particular features of 
social insects have contributed enormously to the further development of 
evolutionary theory over the last few decades (e.g., through kin selection 
and multi-level selection models), which has led to a more complex and so- 
phisticated understanding of evolutionary dynamics. In addition, the ex- 
pression of certain phenotypes of social insects is heavily context 
dependent, as can, for instance, be seen in the different morphologies and 
behaviors of queens and workers. Social insects are, therefore, ideal model 
systems for the study of evolutionary novelties and the interacting roles of 
genes, developmental processes including epigenetic effects, and environ- 
mental factors during the evolution of a novel trait. In this chapter, we re- 
view several research questions related to evolutionary novelties in social 
insects and how they can be addressed using an Evo-Devo framework. 


Evo-Devo and Evolutionary Novelties 


Addressing the problem of evolutionary novelties and innovations requires 
first clearly defining novelties; second, developing a set of causal hypothe- 
ses about the developmental changes involved in the emergence of any 
particular evolutionary novelty; and, third, formulating a model describing 
the evolutionary dynamics of these traits. Miiller and Wagner (1991) de- 
fined morphological novelty as “a structure that is neither homologous to 
any structure in the ancestral species, nor homonomous to any other 
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structure of the same organism.” While this rather general definition still 
leaves open many details, it does have one practical implication. The prob- 
lem of identifying novelties is squarely placed within a comparative frame- 
work, as their recognition depends on both a good phylogeny and a 
detailed assessment of homology or homonomy. As we have reasonably 
good phylogenies for social insects, this pre-condition for the study of evo- 
lutionary novelties is clearly met. 

Setting aside, for the moment, many of the practical problems connected 
with actually identifying novelties, which are similar to the problems of as- 
sessing homology (Wagner 2001a), we can recognize some of the steps re- 
quired for establishing a causal hypothesis about the origin of evolutionary 
novelties within the context of Evo-Devo. The first question that needs to 
be addressed is: What specific developmental mechanisms are responsible 
for a new derived character as distinct from a character state that has been 
identified as an evolutionary novelty? Answering this question requires the 
detailed analysis of the developmental mechanisms that generate specific 
phenotypic characters. Thus, it is part of the experimental program of Evo- 
Devo that studies developmental and developmental genetic mechanisms 
in a comparative framework. In the case of social insects, we already have a 
good general appreciation about the mechanisms of phenotypic determina- 
tion, as well as a set of well-developed molecular, genetic, and physiological 
tools to study these developmental mechanisms experimentally. 

The next couple of question’s build on this analysis of developmental 
mechanisms and ask: Did the developmental mechanisms that are cur- 
rently responsible for the derived novel character originate at the same 
time as this character? More specifically, what are the exact developmental 
mechanisms responsible for the initial changes leading to a novel charac- 
ter? These are difficult inqueries that require us to compare the develop- 
mental mechanisms of ancestral and derived novel characters. In many 
cases this will not be feasible, as it is impossible to reconstruct the exact 
ancestral condition of developmental processes, especially if the transfor- 
mation in question happened hundreds of millions of years ago, like fin- 
limb transition. Model organisms to answer these questions would ideally 
have sister taxa where one has retained the ancestral state and the other 
has evolved the novel state. Thus the social insects again serve as an ideal 
model system as there are many instances of sister taxa showing ancestral 
and derived novel phenotypes, especially with regard to social behavior 
(Abouheif and Wray 2002; West-Eberhard 2003). 
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Similar problems apply to the next concern: Are the observed genetic 
differences between these two developmental systems sufficient to account 
for the observed phenotypic differences? This last question focuses on the 
mechanistic details of the changes in the developmental system and to 
what extent observable genetic changes provide a complete explanation of 
evolutionary transformations (Wagner et al. 2001a). To answer it properly, 
we need to be able to experimentally manipulate the developmental sys- 
tem, something that can be done, at least on some organizational levels, 
with social insects. 

Which evolutionary novelties do we want to study using social insects? 
The Evo-Devo literature is mostly focused on morphological characters— 
not the least because these have the potential to leave traces in the fossil 
record, and their developmental mechanisms can be studied compara- 
tively. But this current emphasis is largely a matter of practical conside- 
rations and not necessarily one of theoretical significance. Behavioral 
characters can as easily be considered as examples of phenotypic novelties. 
Within an Evo-Devo framework, focusing on behavioral novelties implies 
no change in theoretical perspective, as behaviors obviously also have ge- 
netic and developmental foundations. Rather, by emphasizing the analysis 
of behavior, we turn our focus toward the evolutionary dynamics of the 
emergence, subsequent stabilization, and further refinement of novelties 
(Miiller and Newman 2003, 2005; West-Eberhard 2003; Miiller 2007). 

In the context of evolutionary models, behavior is the “integrator” of 
form and function; any new variant, whether it is a generic morphological 
or physiological variation or a novelty, has to be used by organisms in such 
a way that it contributes to fitness (e.g., Page and Amdam 2007). Because 
behavior tends to have higher degrees of plasticity, it can actually drive 
the subsequent acquisition and stabilization of morphological variation. 
For example, division of labor can first emerge as a behavior under certain 
circumstances—based, of course, on underlying physiological mechanisms— 
before the developmental system of these species “catches up” and stabi- 
lizes different castes and their specific morphological and behavioral rep- 
ertoire (see West-Eberhard 2003, for many discussions on this subject). 
In short, in those systems in which it can be studied, behavior is indeed 
not only an integrator of form and function, but also the lens through 
which development and evolution can be integrated. 

Recently researchers have discussed several potential mechanisms for 
the emergence of evolutionary novelties and conceptual frameworks for 
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their analysis (Gottlieb 1992; Wagner 2001a; Carroll et al. Carroll, Grenier, 
and Weather bee 2005; Hall and Olson 2003; West-Eberhard 2003; Miiller 
and Newman 2003, 2005). Some of these proposals also addressed behav- 
ioral novelties and the role of behavior in driving evolutionary innovation 
(especially Gottlieb 1992; West-Eberhard 2003). In the context of these 
discussions, it is clear that evolutionary novelties in most cases “do not 
fall from heaven,” but emerge within the context of existing variation— 
genetic and, more importantly, developmental—of organisms, a phenome- 
non often captured by the notion of plasticity. 

In her magnum opus, Developmental Plasticity and Evolution, West- 
Eberhard (2003) argued for the important role of developmental plasticity 
not only for understanding evolutionary novelties, but also as part of a 
more inclusive conception of evolutionary phenomena. Similarly, Müller 
and Newman (2005) suggested that several distinct phases can be distin- 
guished in the process of phenotypic evolution, which, in turn, should be 
captured by different concepts. They argued that the term evolutionary 
novelty should designate the outcome of phenotypic evolution, for 
instance a new morphological or behavioral phenotype, whereas innova- 
tion should refer to those underlying processes that generate novel pheno- 
types within populations. In this view, novelty is primarily a comparative 
concept that allows us to distinguish differences among populations, species, 
or higher systematic groups, whereas innovation refers to the developmen- 
tal and evolutionary processes that bring about evolutionary novelties. 
Furthermore, Miiller and Newman proposed origination as a separate el- 
ement in the process of phenotypic evolution. Origination captures a 
fundamental stage in phenotypic evolution and development that provides 
the basis for subsequent modification and further refinement of pheno- 
types, and that is determined more by physical-chemical and architec- 
tural principles than the specific features of the genetic architecture of 
development. 

In our discussion, social insect examples provide additional support for 
these dynamic multistep models of evolutionary novelties. We do not want 
to enter semantic debates about proper designation of terms in this chapter; 
however, we want to propose that evolutionary novelties are indeed the 
product of more complex dynamic interactions, and should be distin- 
guished from adaptations in a narrow sense, although they can be highly 
adaptive features. Our examples suggest that morphological and behav- 
ioral novelties first emerge as a consequence of developmental and 
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epigenetic mechanisms interacting with specific environmental conditions - 
through the behavior of individuals and colonies—a phenomenon best de- 
scribed in a general sense as plasticity—and that they are subsequently 
selected and canalized, which requires genetic variation for these traits 
within populations. This process of generating evolutionary novelties (in- 
novation sensu Müller and Newman 2005) is frequently driven by behav- 
ioral responses that are predicated on developmental plasticity, which, in 
turn, is enabled by some fundamental elements of the developmental ar- 
chitecture, such as the reproductive ground plan. In that sense, the origi- 
nation of evolutionary novelties is a system-level phenomenon; that is, 
novelties are the result of structural and regulatory changes of the whole 
genetic, developmental, epigenetic, social, and environmental system. Thus, 
it makes sense to distinguish them from other forms of variation that do 
not depend on such systemic responses and are therefore more localized. 
In this context it is interesting to note that modularity, the architectural 
principle that enables such quasi-independent forms of variation, can itself 
be seen as a fundamental novelty of metazoan evolution. The following are 
examples and possible research programs using ants as a model system for 
Evo-Devo. 


Wing Polymorphism (Morphological 
Novelty—TIndividual Level) 


Ants (Formicidae) evolved from within the aculeate wasps. Most females 
in the aculaeate wasps are normally winged, though in multiple groups, fe- 
males became wingless (e.g., Mutillidae). By comparison, ants are unique 
because both winged females (queens) and wingless females (usually work- 
ers) coexist, and whether an egg or larvae develops into a wingless worker 
or a winged queen is determined, in most cases, by the environment, usu- 
ally by the amount and quality of food a larvae is fed. During the evolution 
of the Formicidae, some taxa, like the army ant genera Dorylus or Eciton, 
have abandoned winged females completely; in other ant genera we have 
species with winged or wingless queens; and in some species winged and 
wingless or short-winged queens coexist (for an overview see Table 27.2 in 
Heinze and Keller 2000). 

The best example of a detailed study of the developmental genetics un- 
derlying a novel phenotype in social insects is the study by Abouheif and 
Wray (2002) on the genetic regulation of wing loss in worker ants. 
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Abouheif and Wray (see also Bowsher, Wray and, Abouheif 2007) used 
expression studies of genes known to be conserved in the wing develop- 
ment/patterning of insects to show that while these genes are normally ex- 
pressed in winged queens, some are suppressed during the development 
of workers. While this was perhaps not surprising, they also found that 
different ant subfamilies, such as Formicinae, Mymecinae, and Dolicho- 
derinae, vary in the genes that suppress wing development in workers, al- 
though wingless workers probably evolved once early in the evolution of 
ants. Abouheif and Wray hypothesized that “the simultaneous evolutionary 
lability and conservation of the network underlying wing development in 
ants may have played an important role in the morphological diversifica- 
tion of this group and may be a general feature of polyphenic development 
and evolution in plants and animals.” 

The North American harvester ant genus Pogonomyrmex is a good 
model system for further studies because it encompasses the complete 
range of winged (alate; e.g., P. barbatus), short-winged (brachypterous; 
P. huachucanus), or wingless queens (intermorphs; P. imberbiculus). In 
one species, P. pima, wingless and winged queens co-occur in the same 
population without any measurable genetic isolation (Figure 27.2 in 
Henze and Keller 2007; Johnson et al. 2007; Holbrock et al. 2007). Whether 
wingless or winged queens prevail in any given population of P. pima 
seems to be dependent on the environment, with harsher environments 
probably favoring wingless queens (Robert A. Johnson, pers. comm.). 
This example demonstrates how social insects would enable us to also 
connect and incorporate ecology to Evo-Devo (i.e., Eco-Evo-Devo). Ter- 
mites evolved the same system of winged sexuals and wingless workers 
convergently; however, they are hemimetabolous insects and the workers 
are juveniles (nymphs) that are normally wingless. Hence, having wing- 
less workers in termites would not be considered a novelty, as it is in ants. 
Nevertheless, most termite species do have replacement reproductives 
that take over the reproduction after the original queen or king has died, 
and will never develop wings (i.e., they become mature without develop- 
ing wings, which could be considered a novelty that evolved through fac- 
ultative neoteny). If a termite species no longer develops winged sexuals, 
wingless reproductives will become a fixed derived trait (a novelty). 
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Worker Polymorphism—Subcastes (Phenotypic 
Plasticity—Individual and Colony Level) 


Conspicuously, the two most specious ant genera, Pheidole and Campono- 
tus, are characterized by polymorphic workers known as subcastes. Sub- 
castes in these two genera evolved convergently because the two genera 
are not closely related and their last common ancestor most likely did not 
have subcastes. Subcastes in ants refer to worker groups within a colony 
that differ in size and/or shape and fall, for example, into distinct clusters 
along a log-log plot for different morphological measurements, like head 
size versus body size (for a detailed review on ant subcastes, see Höll- 
dobler and Wilson 1990). The developmental basis of this intracolonial 
worker polymorphism is allometric growth during larval development and 
is mostly triggered by differences in larval nutrition. 

The development of subcastes at least in some species is regulated by 
differences in hormone concentrations at specific developmental decision 
points (Wheeler 1991). However, other environmental factors such as 
temperature have been shown to influence caste determination, and it is 
likely that many more unknown factors contribute to caste determination. 
Additionally, it has been demonstrated that feedback regulations exist be- 
tween the extant worker force and larvae to ensure a specific ratio between 
subcastes in a given colony (Wheeler and Nijhout 1984), or to homeostati- 
cally restore a colony’s characteristic subcaste ratio after distortions (John- 
ston and Wilson 1985). Yang, Martin, and Nijhout (2003) showed that the 
caste ratio of the ant Pheidole morrisi varies consistently between three 
different populations and, to add evolution and ecology to the mix, Passera 
et al. (1996) showed that ant colonies challenged with conspecific colonies 
produce more majors/soldiers—supposedly as a reaction to the potential 
threat of a conspecific colony. 

Therefore, within just two ant genera that belong to different ant sub- 
families (Myrmicinae and Formicinae), we have the opportunity to com- 
pare species with a strong, weak, or even absent worker polymorphism 
or to try to understand how and why different populations of the same 
species show a different ratio between subcastes. Within the ant genus 
Pogonomyrmex, worker polymorphism evolved independently once in 
North America (P. badius) and once in South America (P. coerctatus). 
Thus, two interesting Evo-Devo questions arise: Do both species use the 
same developmental mechanisms? Did the same selective factor lead 
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to the evolution of worker polymorphism in these two Pogonomyrmex 
species? 


Queen Number (Social Phenotype—Colony Level) 


Queen number per colony has major evolutionary impacts (Hélldobler 
and Wilson 1990), and the transition from monogyny (single queen) to 
polygyny (multiple queens) or the reversal is considered similarly signifi- 
cant as the evolution of sociality itself. There are two crucial points during 
the development of an ant colony when the number of reproductively ac- 
tive queens is decided. The first decision point involves the number of 
queens which found a colony, and the second is whether mated and fully 
reproductive queens are adopted to queenright colonies. 

The ancestral status of queen numbers in ants is unknown, but during 
the evolution of different ant lineages queen number per colony went both 
ways and, in some lineages, queen number per colony is a very plastic trait. 
Queen number in ants can vary between zero and thousands in some uni- 
colonial or highly polydomous species. Zero stands for species that have 
abandoned a queen phenotype completely or temporally, with workers tak- 
ing over the reproduction (e.g., Dinoponorea quadriceps, Pristomyrmex 
pungens or Harpegnathos saltator; Hélldobler and Wilson 1990). We know 
that the queen phenotype was lost in these lineages because closely related 
species still have morphologically differentiated queens, or queens that are 
produced occasionally in a small percentage of colonies. Similarly, for 
many ant genera we can reconstruct the ancestral status of queen number. 
Queen number can change over the time of an individual colony life cycle. 
Colonies can begin haplometrotic (i.e., one queen founds a colony inde- 
pendently) or pleometrotic (i.e., multiple queens found a colony together). 
Pleometrotic foundress associations can either stay together, leading to 
primary polygynous colonies, or queens can kill each other until only one 
remains and the colony becomes monogynous. The fighting in these 
pleometrotic colonies usually starts after the first workers emerge; some- 
times the workers eliminate the extra queens, sometimes only the queens 
fight and workers do not interfere. Multiple queen societies can also de- 
velop through adoption of queens into single queen colonies or through 
colony fission—the split of a mature colony into two or more colonies (for 
an overview and classification on the developmental pathways to queen 
numbers, see Hölldobler and Wilson 1977). 
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Can a change in queen number, which is a colony-level trait, promote 
speciation? In ants we know of many examples where sister taxa differ in 
queen number, for instance, Formica rufa and Formica polyctena (Gyllen- 
strand, Seppa, and Pamilo; Heinze and Foitzik, this volume 2004). This is 
circumstantial evidence that queen number can lead to speciation, but this 
correlation does not prove causality. One example, where we might actu- 
ally see the evolution of a new species, is P. californicus. In P. californicus, 
Johnson (2004) described a polygynous population in this otherwise 
strictly monogynous species. This population does not seem to be gene- 
tically isolated but may be on its way to becoming a new species in the 
future. A study of the mechanism underlying the difference in this colony- 
level trait would allow us to understand how development changes a phe- 
notype, and an evolutionary study on the fitness consequences of this shift 
could help to elucidate the evolutionary dimension. Laboratory studies on 
the proximate mechanism responsible for the switch have shown that it is 
essentially a change in queen colony-founding behavior. Queens of the 
polygynous population switched from haplometrosis to pleometrosis. 
The proximate mechanism for this switch is that founding queens from the 
polygynous population of P. californicus tolerate other queens, whereas 
queens from the monogynous population fight and kill each other when 
forced to found a colony together. The pleometrotic foundress association 
might enjoy a higher fitness in the polygynous population, because a 
higher colony density makes haplometrotic founding impossible. Or, since 
foundress queens in P. californicus need to forage, the pleometrotic associ- 
ation suffer less from parasitoids or brood raiding by other colony- 
founding queens than haplometrotic colonies. 


Sociogenesis, Sociotomy, and Division of Labor 


Wilson (1985) compared morphogenesis and sociogenesis, and defined so- 
ciogenesis as the “process at the level of the colony . . . by which individu- 
als undergo changes in caste, behavior, and physical location incident to 
colonial development.” Wilson treated the highly eusocial ant species, like 
leaf-cutter or army ants, as superorganisms to make his comparison be- 
tween sociogenesis and ontogeny clear. He also outlined the fundamental 
questions of Evo-Devo concerning two important colony-level traits in so- 
cial insects: What are the mechanisms that result in division of labor and 
the production of subcastes during colony development (Devo) and why 


Social Insects, Evo-Devo, and the Novelty Problem 601 


are certain systems of sociogenesis more successful than others (Evo)? 
Some progress has been made in answering the first question. West- 
Eberhard (1987) developed a mechanistic framework for the evolution of 
division of labor in wasps with her ovarian groundplan hypothesis. This was 
further expanded and tested for the honey bee, and subsequently called the 
reproductive groundplan (Amdam et al. 2004, 2006 Page, Amdam, and 
Linksayer, this volume). Having a cohesive model about the developmental 
mechanisms leading to division of labor will allow us to do comparative 
studies between different evolutionary lineages and test whether the re- 
productive/ovarian groundplan hypothesis is generally applicable or a 
mechanism restricted to honey bees or wasps. 

Another useful tool for understanding the regulatory mechanisms in the 
development of division of labor or sociogenesis is sociotomy. Sociotomy is 
defined as an experimental change in the task allocation pattern of a colony 
by removing age- or task-classes (e.g., Lenoir 1979; Tripet and Nonacs 
2004). This is somewhat analog to a tissue transfer during embryogenesis 
and can yield very similar results concerning the regulatory mechanisms of 
colony-level traits during sociogenesis. Detailed studies in honey bees 
using expression microarrays yielded many significant differences between 
same-age foragers and nurses, but at the same time many genes changed 
age dependence in workers independent from task switching (Whitfield 
et al. 2006). 


Our examples support the idea that behavior plays an important role in the 
emergence of evolutionary novelties, especially in those groups, such as 
the social insects, that have a sophisticated behavioral repertoire. The 
genotype-phenotype map is mediated by several contextual factors, result- 
ing in various degrees of plasticity. Behavior, and especially social behavior, 
is one way that organisms can selectively constrain underlying developmen- 
tal plasticity. We have seen that several developmental switches resulting 
in dramatic phenotypic changes, such as caste differentiation, are trig- 
gered by available food during critical periods of development. In the 
context of a colony, feeding is controlled by the behavior of the workers, 
which in turn restricts the expressed phenotypic plasticity of the larvae, 
contributing to the stabilization of a novel colony-level phenotype, such 
as the distribution of individual castes. Social insects are, therefore, an 
ideal system to further refine causal models of the origin of evolutionary 
novelties. 
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Conclusion 


As we have seen, adopting social insects as new model systems allows us to 
tackle several central Evo-Devo questions and to close the “inference gap” 
(Wagner 2001b) in causal explanations of evolutionary novelties. While 
most of the current evidence in Evo-Devo focuses on the role of genetic 
and regulatory differences and similarities in explanations of large-scale 
phenotypic variation (often at the level of families and higher systematic 
groups), only a small number of studies on a limited number of species ac- 
tually address developmental evolution within and between populations 
(e.g., Brakefield et al. 1996; Emlen et al. 2005; Nijhout 2003; Wheeler 
1991; Wheeler and Nijhout 1984). And none of these cover all levels, from 
micro- to macro-evolutionary scales, within one closely related group of 
species. 

The advantage of social insects, and ants in particular, is that they allow 
us to address questions of phenotypic evolution at many different scales 
and for a variety of different phenotypes, from morphological to behav- 
ioral characteristics. With social insects as a model system, we can study 
the emergence of evolutionary novelties as a continuous process—from 
epigenetically, developmentally, or environmentally induced intra-species 
variation (such as the queen-worker polymorphism), to increasing degrees 
of canalization and genetic assimilation of this variation between species 
and higher taxa. Another advantage of social insects (especially ants) is that 
we know quite a lot about the ecological causes and consequences of 
specific phenotypic characters, as well as the environmental, physiological, 
genetic, and epigenetic effects determining phenotypic variation and plas- 
ticity (Wheeler and Nijhout 1984; Holldobler and Wilson 1990; Wheeler 
1991; Toth and Robinson 2007; Page and Amdam 2007). 

Comparative studies, like the ones of Abouheif and Wray (2002), rang- 
ing from within species, genera to between subfamily differences in pheno- 
types, will enable us to identify the relative importance of these different 
causes at each of these scales, thus allowing us to study phenotypic evolu- 
tion and the emergence of evolutionary novelties as a continuous process, 
rather than just comparing the endpoints of different evolutionary line- 
ages (the typological approach characteristic of many current studies in 
Evo-Devo). The emerging picture of phenotypic evolution is one in which 
initial phenotypic plasticity (often expressed by environmental and epige- 
netic factors, but ultimately based on genetic variation) is increasingly 
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canalized by the developmental system and finally assimilated by underly- 
ing genetic variation (e.g., Abouheif and Wray 2002; Page and Amdam 
2007). 

The fact that social insect Evo-Devo incorporates different scales also 
helps us to bridge the gap between the macro-evolutionary orientation of 
much of current Evo-Devo theory (based on developmental genetics) and 
the micro-evolutionary focus of evolutionary biology. For example, we can 
study the developmental, physiological, and behavioral characteristics for 
the emergence of division of labor within groups of individuals, as well as the 
ecological and evolutionary consequences and mechanisms of this trait. The 
latter touches on arguments about inclusive fitness, kin selection, and group 
selection and brings one of the theoretically most advanced areas of evolu- 
tionary theory within the framework of Evo-Devo. 

Even though the importance of life histories have been recognized 
within the Evo-Devo literature (e.g., West-Eberhard 2003), so far most at- 
tention has been placed on the earlier stages of embryonic development, 
which generally do not display the same rich behavioral characteristics as 
do later stages. In social insects, however, behavior often serves as the in- 
tegrator of proximate and ultimate perspectives, thus providing us with a 
causal explanation that spans developmental and evolutionary time scales 
(Page and Amdam 2007). An emphasis on social insects as a model system 
for Evo-Devo brings with it a broadening of the range of phenotypes ana- 
lyzed within this framework. And, as behavior crucially depends on envi- 
ronmental factors (as triggers and other context dependent causes), social 
insect Evo-Devo is always also Eco-Evo-Devo (Collins et al. 2007). 

An Evo-Devo perspective on social insects affects the way we conceptu- 
alize the evolution and development of these species. The question of 
whether a colony should be seen as a superorganism, or at the very least an 
individual, needs to be addressed (see Hamilton, Smith and Haber, this 
volume). As we have seen, extending a developmental perspective to 
colony-level properties and studying the evolutionary effects of colony- 
level life histories is a major component of social insect Evo-Devo. It al- 
lows us to analyze the potential conflicts between different levels of 
selection, as well as the mechanistic causes for phenotypic differentiation 
among castes and between colonies and species. Depending on the ex- 
planatory context—evolutionary or developmental—we have two different 
types of cohesion relations. On the one hand, a colony acts as a unit of se- 
lection, which might explain the evolution of colony-level traits, especially 
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in highly advanced eusocial ant species where workers have lost all of their 
reproductive potential. On the other hand, a colony shows developmental 
cohesion throughout its life history, from its founding to growth and repro- 
duction. Together these two colony-level processes help to explain the 
major evolutionary transition of eusociality (Hélldobler and Wilson 1990, 
Maynard-Smith and Szathmary 1997). 
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